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The unidirectional solidification of iron- 
iron sulphide eutectic alloys has been studied using 
gradients of 50°C, 80°C and 100°C per centimetre, and 
solidification rates varying between 0.1 and 5-0 centi­
metres per hour. The alloys contained less than 1Q0 
p.p.m. impurities together with controlled additions 
of oxygen ranging from lU p.p.m. to 98 p.p.m.
The eutectic structure is rod-like, consisting 
of discontinuous, b.c.c. iron rods in a matrix of hexagonal 
iron sulphide (Fej__xs> ' a = I.656). The iron rods are 
approximately 3 micron in diameter and 1000 - 1100 
micron in length. It is suggested that the terminations 
of the iron rods can be explained in terms of lateral 
concentration fluctuations at the solid/liquid interface 
caused by the nucléation of new iron rods (faults) on 
the iron sulphide.
Most ingots were unicrystalline, however under 
some experimental conditions several grains are formed.
For any grain the <(l010^ direction in the iron sulphide 
is generally parallel to the direction of growth. In the 
iron various low index directions (^100^, ^110^ and ^111^)
are parallel to the growth direction, complete rotations 
of the iron lattice about these axes existing. The 
proportion of the <110> direction progressively increasing
II.
with increasing solidification rate.
At low oxygen levels the iron rods are faceted, 
in cross section, showing six sides. Rounding of the 
facets develops as the oxygen level is increased and facets 
are not found for oxygen levels greater than about 70
p.p.m. At the higher temperature gradients and lower 
growth rates the iron phase becomes plate-like, although 
a rod to lamellar transition was not obtained. A cellular 
structure is obtained at the higher oxygen levels and 
lower ^ R  ratios.
The six planes forming the interface between 
the phases were related to the sulphide matrix as 
follows: 2 planes // £000l] Fej___xS
U planes ̂  ^1212j Fe^_xS
No orientation relationship exists between the interfaces 
and the iron lattice. A tentative explanation for these 
observations, based on growth of the iron sulphide with 
a faceted interface, is offered.
The inter-rod and inter-plate spacings are 
inversely proportional to the square root of the 
solidification rate, as is commonly found, but are also 
inversely proportional to the temperature gradient. The 
spacings are also dependent on the oxygen content of 
the alloys and this is presumably due to the effect
the relative interfacial energy of theof oxygen on
III.
The proposal that iron sulphide grows with 
a faceted interface at low oxygen levels is supported 
by observations of sulphide inclusions formed from the 
melt, in low-sulphur alloys. In ingots containing 9
p.p.m. oxygen the iron sulphide inclusions are clearly 
faceted. Similar results are obtained for manganese 
sulphide inclusions. From these results a new explanation 
for the formation of type 3 inclusions has been proposed.




Although lamellar eutectics have been 
extensively studied and theories describing their 
solidification behaviour and structural features have 
been proposed, the study of rod-like eutectics has been 
limited ^3-^7) ̂ Consequently the theoretical
aspects of their solidification and their relationship 
to the more common lamellar eutectics are still undecided. 
In recent years, however, rod-like eutectics have become 
increasingly important since it has been found that uni­
directional solidification of these may be a means of 
producing fibre-reinforced composites.
The eutectic system iron-iron sulphide forms 
a rod-like structure and the present investigation was 
undertaken in the expectation that such a study would 
contribute to an understanding of rod-like eutectic 
structures.
Furthermore, it has been frequently observed 
that the shape and distribution of sulphide inclusions 
formed during the solidification of ferrous alloys is 
markedly affected by small amounts of oxygen in the melt.
2.
The most widely accepted suggestion is that this effect 
is due to the influence of oxygen on the interfacial 
energies of the phases present during solidification 
18?,192,193)' jt was therefore thought that a study of 
the effects of oxygen on the eutectic morphology could 
also lead to a better understanding of the factors that 
determine the structure of sulphide inclusions. It will 
appear that the investigation of the influence of oxygen 
clearly suggested that faceted (rather than globular) 
sulphide inclusions would form in dilute iron-sulphur 
alloys if the oxygen content was sufficiently low. This 
prediction has been confirmed by a supporting study of 
inclusions in ingots of iron with small additions of 
sulphur.
During this investigation a paper describing 
iron-iron sulphide eutectic structures was published by 
Albright and Kraft . Much of the present work extends 
that reported by these authors, however in several aspects 
the new results differ from those reported in this earlier
paper.
Fig. 2.1 Microstructure of uni­
direct ion&lly solidified 
iron-iron sulphide eutectic.
Iron light, iron sulphide dark.
(a) Transverse section. Growth direction 
out of page.
(b) Longitudinal section. Growth direction 




2.1 THE ROD-LIKE OR FIBROUS STRUCTURE
2.1.1 General
In this section the rod-like eutectic structure 
and its relationship to the lamellar structure will be 
discussed.
Unidirectional solidification of eutectic 
alloys commonly results in the formation of a lamellar 
structure. Some eutectics, however, form rods of one 
phase embedded in a matrix of the other phase and 
extended in the growth direction. The rods are commonly 
equiaxed in cross section and have various cross 
sectional shapes: circular, square, triangular and
hexagonal. Fig. 2.1 shows sections from a typical rod­
like eutectic. Non-equiaxed structures have also been 
observed, i.e. structures in which the axes of the 
minor phase, in cross section, are not equal. In the 
present discussion these have been termed plate-like, 
although in the literature they are sometimes referred 
to as broken lamellar ; it will be argued, however, that 
the latter term is misleading.
2 . 1 .2 Theoretical Considerations
The first observations on rod-like eutectics
4.
were reported by Brady ̂  . He proposed that these 
structures were characteristic of eutectics in which 
one of the phases was present in smaller proportions 
and in which the components were of fairly high 
"surface tension" . If the component of the higher 
"surface tension" was present in smaller amounts by 
volume rods of this would form. It will be seen that 
the volume consideration is still one of the major 
ideas used to explain these structures.
Recent explanations for the formation of 
rod-like eutectic structures may be grouped under three 
general headings, although these are often inter-related 
in the literature: (a) interfacial energy, (b) impurity
elements and (c) undercooling at the solid/liquid interface.
(a) Interfacial Energy
Tiller ^ ’^ ’^ w a s  first to propose that for
a given specific solid/solid interfacial energy, a
rod-like eutectic would have a lower interfacial
energy than a lamellar eutectic if the volume fraction
of the minor phase was sufficiently small ; under these
conditions, therefore, a rod-like structure should be
most stable. Tiller's calculations were based, to some
(5)extent, on those of Scheil and Zimmerman ̂ 7 on the
Table 2.1
Critical Volume Fractions below which Rod-Like Eutectic 











Round Not considered 25$ (2)
Round Square 32.3$ (8)
Round h.c,p. 27.5$ (32)
Round f.c.c. 15.9$ Present Work
Hexagonal h. c.p . 25$ Present Work
Hexagonal •o•o<H 14.4$ Present Work
Square h.c.p. 21.6$ Present Work
Square f.c.c. 12.5$ Present Work
5.
formation of lamellar eutectics, and consider only the 
geometry of the eutectic structures. It was shown that 
for cylindrical rods for a volume of the minor phase 
of less than 25^ a rod structure would have a lower 
interphase boundary area, and therefore lower energy, 
than an equivalent lamellar structure. Tiller's 
calculations have been fully developed In Appendix 1. 
These, however, do not take into consideration the 
effect of the distribution of the rods on the calculated 
"critical" volume. Similar calculations (Appendix l) 
have shown that the critical volume fraction will 
depend on both the assumed shape and distribution of 
the rods in the rod-like eutectic as can be seen from 
Table 2.1.
There are some thirty rod-like eutectics 
which have been studied and which conform to Tiller's 
p r o p o s a l s ^ ’16’27’32’36’37’42-47'51- ^ .  Exceptions, 
however, do exist. The Sb-InSb eutectic solidifies
( k b )with Sb rods which are triangular in cross section' 7 
The volume of Sb is 3bfo, i.e. well above the critical 
volume fraction suggested by Tiller for rod-like 
stability. The Nb-Nb^C eutectic (Volume percent
Nb C=33.3) also solidifies with Nb C rods, which are
2 . (k6) . (8 lk)
g in cross section . Chadwick quotes
the formation of a lamellar structure in unidirectionally 
solidified, high purity Sn-Zn eutectic. For this eutectic
the volume fraction of the Zn phase is less than 10%, 
i.e. well below the critical volume fraction, suggested 
by Tiller, for lamellar instability. Chadwick concluded 
therefore that the interphase boundary energy term is 
not in itself sufficient to promote a transition from 
lamellar to rod structure. The work and observations 
by Chadwick on the Sn-Zn system have in turn been 
criticised by Hunt and Chilton^^ and by Taylor et al 
who, using zone refined eutectic components, obtained 
a rod-like structure in the Sn-Zn eutectic system.
There are also eutectics in which the volume fraction 
of the minor phase is within the range of volume fractions 
in which a rod-like eutectic might be expected but 
solidify with a lamellar structure: Pb-Cd (Volume 
Cd=l8%) and Cd-Zn (Volume Zn=l’7.8%) . Albright
and Kraft have suggested a principle which provides
a possible explanation for these. In principle, the 
interphase surface energy is a function of both the 
interphase surface area (as with Tiller) and the relative 
crystallographic orientation of the two phases and of 
the orientation of the interface between these. For 
lamellar eutectics a simple orientation relationship 
between the phases may exist, lowering the total inter­
facial energy and therefore leading to lower critical 
volume values. Conversely, rod-like eutectics, in which
7.
a simple orientation relationship exists between the 
phases may form at volume fractions of the minor phase 
greater than the critical volume.
The importance of the volume fraction argument 
in determining the eutectic structure was emphasised
(49)by Mollard and Flemings v ' . Their work consisted of 
unidirectionally solidifying a series of Pb-Sn alloys 
ranging in composition from 12 to 26 At.$Pb, with 
thermal gradients in the liquid of up to 480°C/cm. and 
solidification rates in the range of 0.2 to 10.8 cm./hr.; 
the eutectic components were of 99.9999$ purity. The 
eutectic structure was lamellar. Xt was firstly observed 
that lamellar spacing, at a constant growth rate, was 
independent of composition. Secondly, and most pertinent 
to this discussion, as the composition was moved from the 
eutectic, the lamellar structure gradually changed to a 
rod-like structure. A fully rod-like structure was 
obtained in alloys with 12.6 At.$Pb, i.e. 15*25 Volume . 
percent of the Pb-rich phase. This structure was obtained 
only when the solidification variables G and R did not
Q. /favour a dendritic structure, i.e. at high R values.
C l i n e , working also on the Pb-Sn system, 
extended further the range of compositions: from 1.2
to 56 A t .$Pb. With G=80°C/cm., formation of the rod-like 
structure was not noticed at any composition; however
8.
it was suggested, without explanation, that if higher 
temperature gradient had been used, a rod-like structure 
would have been produced.
¿T /VJ/ 5"
The above proposals are constant with the
behaviour of most rod-like eutectic systems, however,
they fail to explain the transitions from lamellar to
rod-like structures, and vice versa, which have been
obtained in the Al-CuAl? eutectic (lamellar) and the
/ \ (47)Al-Al^Ni eutectic (rod-like) v 7 . Cooksey et al. have
suggested possible explanations, for the transitions,
which are based on the fact that during eutectic growth
one of the phases establishes a lead over the other
. (12 13)phase as shown experimentally by Davies ' ’ . If the
lead distance, d, is sufficiently great, then a simple 
crystallographic orientation between the two phases, 
which favours the formation of lamellae , may not be
established and if the volume fraction of the minor phase 
is not too great a rod-like structure will be formed 
according to the volume fraction argument. Conversely, 
if d is small, coherent growth between phases occurs 
£‘Q'~\rouring a lamellar structure. Solidification conditions 
which increase d will therefore favour the formation of 
rods. Experiments on the Al-Si eutectic showed that the 
lead of the Si phase over the Al matrix was a function













.2 Regions of different 
structural stability
for a hypothetical 
eutectic system. Arbitrary 
scale of temperature gradient 
and freezing rate. (¿+7)
9.
similar relationship was assumed to apply to the Al-CuAl 2
and Al-Al^Ni eutectic systems. For these it was proposed
that
d = S a TG
where ¿¿wT is the difference between the partial under­
coolings developed ahead of the oC a n d ^  phases. The 
above equation was obtained from the assumed geometry 
of the solid/liquid interface, the equilibrium freezing 
temperatures of the tips of the individual lamellae 
and the resulting temperature gradient at the interface.
The equation was not, however, confirmed experimentally 
for the systems in question. It was shown that gradients
loss than l°C/cm. gave CuAl„ fibres in an A1 matrix in
(Q 14)the usually lamellar A1-Cu A12 eutectic v ’ ' , and gradients
greater than 100°C/cm. produced a lamellar arrangement
( 27)in the usually rod-like Al-Al^Ni eutecticv Fig. 2.2
shows schematically the proposed regions of structural 
stability in a eutectic system with reference to solidifi­
cation rates and temperature gradients, assuming that 
increasing solidification rates result in increasing d 
values. The applicability of the above proposals to the 
eutectic systems chosen by Cooksey et al. (Al-CuAlg and 
Ai-Al^Ni) is, however, questionable since crystallographic 
misfit between phases is expected to be important in the 
surface energy argument only in eutectics in which the 
volume of the minor phase is close to the critical volume
10.
fraction. For Al-CuAl^, Vol. percent CuAl^ = 40.0 
and for Al-Al^Ni, Vol. percent Al^Ni =9.9, i.e. in 
both cases the volume fractions are well within the 
regions of lamellar and rod-like stability respectively.
(48)In a later referencev , however, Hellawell concludes
that although the relationship d= S&T/G may in fact
apply; for metal/metal systems, such as Al-CuAl^ and
Al—AljNi, T and therefore d tend to zero. No further
proposals were made to explain the effects of temperature
gradient on the eutectic structure. An important aspect
of the above research was the study of the solidification
variables G and R divorced from each other unlike previous
researchers who have mainly concentrated on the ratio
(l9)G/R. Feart and Mackv in their work on the solidification
of A1-CuA12 used G/R ratios as low as 0.8°C/cm.2/hr.
(G = 42°C/cm. and R = 5 0  cm./hr.), no rod-like structures
were observed, while Cooksey et al. at /R values of
1.1 (G = l°C/cm. and R = 0 . 9  cm./hr.) produced definite
rod-like morphologies in the same system. The importance
of studying the effects on eutectic structure of G and R
G /individually rather than the ratio 'R has therefore 
been emphasised.
The applicability of the above proposals to 
all eutectic systems has been criticised by the results 
of Lemkey and Salkind , mentioned previously, obtained
11.
in the Ta—Ta^C and Nb— Nb^C eutectic systems which remained 
rod-like in nature at temperature gradients as high as 
900 to 1000°C/cm., values much higher than those used 
by Cooksey et al. to produce a lamellar eutectic in the 
Al-Al^Ni system. Of interest is also the fact that 
both of the carbide eutectics have higher volume fractions 
than the Al-Al^Ni system, from basic principles the tran­
sition in these is therefore expected to occur at less 
extreme growth conditions, this was shown not to be the 
case.
The formation of plate-like structures has 
been observed in some eutectic systems. It will be 
seen that surface energy arguments also fail to explain 
the formation of these structures.
Kerr and Winegar and Moore and Elliott
have recently shown that the eutectics Bi-Ag, Bi-Zn 
and Pb-Ag, when unidirectionally solidified, result in 
a plate-like* structure. With increasing solidification 
rates the Pb-Ag eutectic became "rod-like” (similar results
* The structures which were obtained were referred to 
by the authors as "broken lamellar", this term, however, 
is felt to be misleading since it applies to the lamellar 
break down which has been found to occur when lamellae 
are caused to bend from their growth direction (1 5 ,26) 
or at eutectic cell boundaries (32,33). Accordingly 
the structures in question have been termed plate-like.
12.
were obtained previously with the Sn-Zn eutectic^^) , 
it will be seen, however, that the term rod-like is 
misleading for these structures. A further increase in 
solidification rates resulted in an "acircular, irregular
structure" similar to that of the Al-Si eutectic.
Similar work was conducted by Fidler et al. (55) on the
Bi-Ag, Bi-Au^Bi and Sn-Zn eutectic systems and by Whelan 
and H a w o r t h ^ ^  on the Bi-Zn eutectic system. All of 
these eutectics resulted in plate-like structures. Both 
decreasing the solidification rate and increasing the 
volume of the minor phase resulted in an extension of 
the longer faces of the plates (in cross section), a 
complete lamellar structure was never obtained. None 
of the above authors proposed explanations for the 
observed structural changes.
(57) • •Southin and Jonesv , using a scanning 
electron microscope, studied the morphology of the 
Bi-Ag, Sn-AgjSn and Pb-Ag eutectic systems, all of which 
showed similar structural changes to the eutectics 
mentioned above. Using high magnifications it was 
noticed that what had been termed rod-like structures 
consisted in fact of fine plates of the minor phase.
The authors attributed the above structures to the fact 
that these eutectics are essentially of the lamellar 
type, however, the minor phases have insufficient volume to
13.
enable complete lamellae to be produced, similarly for 
the eutectics described in the previous paragraph.
However, why these eutectics should form plate-like 
structures in the first case and not rod-like structures 
is not clear since the volume fractions of the minor 
phases in all of the above eutectics are smaller than 
the volume fraction of Al^Ni in the Al-Al^Ni eutectic 
and of Fe in the Fe-FeS eutectic, both of which solidify 
in a rod-like manner.
(b) Impurity Elements
(3)Tiller' 7 also introduced the concept of the 
effect of an impurity element on the morphology of a 
binary lamellar eutectic. This approach was suggested 
since experiments showed that additions of small 
amounts of Sb caused a complete breakdown in the lamellar 
morphology of the Pb-Sn eutectic. His initial statement 
was that if kj k̂ f , where k is the distribution 
coefficient of the impurity element X in the and ft 
phases, then the phase with the smaller k value, for 
comparable liquidus slopes, will become retarded in the 
growth direction with respect to lamellae of the other 
phase . The leading lamellae, say oc , may grow
laterally and envelope the ¡3 lamellae. Continued 
solidification will enrich the liquid in the B constituent,
to at the oc /liquid interface eventually nucleating
^  on the oc substrate in an attempt to reastablish the
eutectic composition. The growth and enclosure of the
( 2 )phase is then repeated. In later work Tiller' y 
explains the above statements in terms of the solute 
concentration profiles which exist ahead of the solid/ 
liquid interface. The form of the equation describing 
the concentration of solute ahead of the eutectic's 
interface was assumed to be similar to that of a solute 
ahead of a single phase material (developed in Appendix 
3) and for and k* less than one was given as:
+ Co(~3^) exp (-^5) (2*
k
mean distribution coefficient 
A<* k x + k£
A
concentration of solute in bulk liquid 
growth rate
distance from solid/liquid interface 
diffusion coefficient of X in liquid 
width of oC and/' lamellae 
interlamellar spacing.
the liquid therefore becoming' supercooled with respect
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Fig. 2.3 Idealized three phase field 






Assuming that semipermeable membranes existed in the 
liquid ahead of the phase boundaries, the concen­
tration of the impurity ahead of each phase were given 
b y :
c k = Co + Co ) exp (-^) (2.2)
k x
andC jf = Co + Co (~F ~' ) exp
k x
oC
Since Cx and C influence the equilibrium freezing
OCtemperature of the two phases, then k* and kx will
oCalso do so. If k x ^ k x the freezing temperatures of 
the °c a n d lamellae may be expected to be different, 
this possibly leading to lamellae of one phase growing 
ahead of lamellae of the other phase. The main criticism 
of the above analysis is that it does not take into con­
sideration the lateral diffusion of X at the solid/liquid 
interface.
f8 14)Chadwick' * ' extended Tiller's proposals and
made them more applicable. Considering the ternary 
phase diagram which results from the addition of an 
impurity X to the binary eutectic system A-B and for 
which kx * k'x , see Fig. 2.3 If k'? < k £ , and if 
both are less than one, then equation (2.2) will apply 
for an idealised case; C i  will be greater than C x 
and therefore the >4* lamellae will grow at a finite distance
Fig. 2,k (a) Composition of the liquid 
ahead of a solid/liquid
interface.
(b) Equilibrium freezing 
temperatures of the liquid 
ahead of the interface. (8)
1 6 .
behind the °C lamellae (as proposed by Tiller).
Considering the more realistic case where both lateral 
and longitudinal diffusion take place, the solute will 
tend to distribute itself evenly across the interface.
This is virtually impossible, unless the stirring in 
the liquid phase is very effective, since^ will always 
reject more solute than oC , the latter continuing to 
grow a finite distance ahead of the former. The con­
centration distribution of the impurity element X ahead 
of both a n d ^  lamellae and the average concentration
of X are shown qualitatively in Fig. 2.4(a), while 
Fig. 2.4(b) shows the corresponding equilibrium freezing 
temperature of the liquid.
Two critical temperature gradients are shown 
in Pig. 2.4(b) representing the limiting conditions 
below which constitutional supercooling will occur.
Gi being drawn tangent to the line representing the average 
temperature distribution ahead of the whole of the solid/ 
liquid interface, it therefore represents a long range 
zone of constitutional supercooling; while G r e p r e s e n t s  
the localized constitutional supercooled zone ahead of 
the phase. If the externally imposed temperature 
gradient is lower than Gi then a constitutionally super­
cooled zone is created ahead of the whole of the interface 
and a cellular structure will probably result to relieve
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this supercooling“. However, the generation of a cellular 
structure does not entirely relieve the supercooling 
since the liquid just ahead of t h e p h a s e  and bounded 
by oc lamellae is also supercooled with respect to the 
solid solution, i.e. lower than Ĝ g , rendering the 
lamellae interfaces unstable. If, by any chance, any 
portion of a ̂  lamella protrudes into this locally 
supercooled liquid region, such protrusion will become 
stabilised, the process being quite analogous to the 
initial formation of dendrites. The rejection of A 
atoms from such a protrusion will now be radial allowing 
the cC phase to grow and surround theft protrusion.
This initial process will cause further instabilities to 
occur along the length of t h e ^  lamellae leading eventually 
to the breakdown of these i n t o ^  rods growing in a 
matrix of oC phase. Chadwick compares the development of 
the rod structure with the breakdown of a planar interface 
of a single phase alloy into a network of cells of uniform 
size. In the case where the imposed temperature gradient 
is greater than Gi but less than , then the only
existing supercooling will be that of the liquid just 
ahead of the /? lamellae; once again the/? rods will 
form but now, since the long range constitutional super­
cooling ahead of the whole of the interface is absent, 
a cellular structure will not be formed and the interface
Fig. 2.5 Schematic representation of 
the development of a rod­
like structure from a lamellar 
structure. (8)
18.
will remain planar on a macroscopic scale.
Fig. 2.5 shows schematically the development 
of the "rod type" eutectic structure.
The above proposals stemmed from the supposed 
fact that solidification of high purity eutectic alloys, 
which had been reported in early publications as "rod­
like" ̂  , resulted in lamellar structures .
The term "rod-like”, however, was misleading since it 
applied to what have been termed in this discussion 
broken lamellar structures.
Yue^22’ has agreed with Chadwick's proposals 
since he showed that solidification of the Mg-Al eutectic 
resulted in a lamellar structure when the eutectic 
components were zone refined. Small additions of 
impurity (O.Ol^Fe), however, resulted in the formation 
of a rod-like structure. It was also proposed that the 
lamellar to rod transition would be enhanced by faster 
solidification rates, slow rates allowing the rejected 
impurity atoms sufficient time to disperse throughout 
the melt and therefore decrease the constitutional 
supercooling below that required to form a rod—like structure.
Both Hunt and Hellawell et al. have
criticised the impurity element argument. These authors 
experimented on a variety of lamellar eutectic systems 
to which various amounts of different impurity elements 
were added under conditions suitable for a lamellar to 
rod transition according to Chadwick. Although cell
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formation was noticed, a rod-like structure was never
obtained. Hunt further pointed out that the major
impurity ahead of, say, an oC lamella would always be
the atoms of B, the other eutectic component, and not
the atoms of the impurity element. Rod formation should
therefore occur in all pure eutectics if the temperature
gradient in the liquid is sufficiently low. Following
the observations of Hunt a rod-like structure has in
fact been obtained by solidifying a normally lamellar
(47)eutectic (Al-CuAl2) under a low temperature gradientv ' 
(described in the previous section). It is therefore 
quite possible that although the major impurities ahead 
of <* and lamellae might be B and A atoms respectively, 
an argument similar in concept to that of Chadwick's 
might be applied to explain the lamellar to nod. transition 
which occurs at low temperature gradients and which could 
not be explained, in the previous section, in term of
surface energy considerations.
The above ideas have been adopted, to a certain
(l6) (9 39 4o)extent, by Taylor et al.1 y and Bell and ¥inegardv y
who proposed an explanation of eutectic structures based 
on the solidification variables Gr & R and the equilibrium 
partition coefficients of the A & B components in the 
^ a n d  cC phases respectively. Similarly to Chadwick they 
proposed that a lead-lag distance exists between lamellae
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of different phases. This distance is a function of
the equilibrium partition coefficients of the eutectic
components in the eutectic phases. At this point, however,
their proposals become similar to those of Cooksey
(47)et al. v , described in the previous section, i.e. if
the leading phase has the smaller volume fraction then
a rod-like structure will form because of surface energy
considerations. Using their experimental results, Bell
(40)and Winegard found possible to account for all of the
observed eutectics' structural types in terms of the
(kl)quoted parameters. Kondic and Rumballv 7 , however, 
repeated the experiments and found no correlation 
between the observed structure type and the quoted 
parameters.
From the above discussion it may be concluded 
that although Chadwick's initial proposals are to be 
criticised, mainly because of experimental criticisms, 
the basic concept could be used to explain observed 
structural transitions. However, at the present, no 
theory based on these proposals has been developed.
(c) Undercooling at the solid/liquid interface
For completeness of the present section an 
explanation of lamellar and rod-like structures based 
on the undercooling developed ahead of the solid/liquid
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interfaces will be presented. It will be seen, however,
that although these proposals embody an explanation for
the formation of these structures on the basis of the
previously discussed volume fraction argument, they offer
no explanation of the structural transitions which can
be easily tested either theoretically or experimentally.
(2 )Tillerv , following Zener's treatment of the
kinetics of austenite decomposition to give a lamellar 
/ ̂ \
eutectoid' , derived equations which allowed comparison 
of the undercoolings ahead of the solid/liquid interfaces 
of lamellar and rod-like structures. It is assumed that 
the structure solidifying with the lower undercooling 
will be favoured. The total undercooling was considered 
to be composed of two terms: an undercooling due to 
diffusion,^ Tp, and an undercooling due to the formation 
of phase boundaries, ̂ T^.
Considering first the average undercooling
due to steady state diffusion for both structures:
= ^A«R(l-k*)C




^  = shape parameter (assumed equal to 2) 
>\oc= width of oc lamellae
R = growth rate of solid/liquid interface
k00 = partition coefficient of ©C phase
C = eutectic composition 
E
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D = diffusion coefficient
moc and m̂ g> = slope of liquidus lines at the eutectic point 
(For derivation refer to Appendix 2) .
The initial analysis included also an "averaging" parameter, 
0 , which was assumed to equal 0.5 to 0.75. This parameter, 
however, is unnecessary since in the derivation of equation 
(2.3) average concentrations were used. 0 will therefore 
not be included in the following discussion.
From equation (2.3) it follows that for equal interphase 
spacings,A ? of both morphologies, i.e. lamellar and 
rod-like:
y '^  Tp (rods) &  (j?) a T^ (lamellae) (2.4)
$where^ and ^  are the shape parameters associated with the 
rod-like and eutectic structures respectively. These 
parameters were assumed to consider the possible effects 
which the shape of individual lamellae or rods, at the 
solid/liquid interface, might have on the diffusion of 
components. However, the shape parameters cannot be 
derived either from experimental or theoretical consider­
ations and are included in the original proposals presumably 
to explain structural transitions, as will be seen below.
Consider next the undercooling arising from the 
energy increase due to the formation of phase boundaries:
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^  T (lamellae) = 2 gV  Te
LyOX
.(2.5)
where CTo^ = surface energy per unit area of«t/grain boundary 
T.̂  = eutectic temperature
L = heat of fusion per unit mass of liquid 
= density of liquid
and & Tc (rods) = 4ff̂  TE t (2.6)
l /’A'(i +©^
where 0 ^  is the ratio of the volumes of the <* a n d ^  
phases.
(For derivation refer to Appendix 2) . 
assuming A = A > then
<£.T_ (rods)i; (2 ---— -j) A  T (lamellae) (2.7)
C <**> (1+ ©2 ) 2
It follows from equations (2.4), (2.5)?
and (2.6) that
i Tm (rods) ¿j; ^  xJTm (lamellae) (2.8)
where & T = minimum total undercooling m
(see Appendix 2)
and /  = 2 <7°^> ,
(l+e^)*
If Is less than one then the rod structure will solidify 
with less undercooling than a lamellar structure. For 
high values of ^ i . e .  for low volume fractions of the 
minor phase,f may well be less than unity. The above
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theoretical proposal may explain the formation of the 
various structures however, as Tiller points out, it does 
not explain the observed structural changes which occur 
upon changing the solidification conditions, unless it 
is assumed that the ratio / / /  is a function of these. 
Tiller points out that there is no justification to expect 
this unless it is found to do so by experimental data. 
Chadwick et al. have subsequently shown, using a
simple electrical analogue of steady state lamellar growth, 
that the shape of individual a n d lamellae at the solid/ 
liquid interface is indeed a function of the solidification 
rate. Their experiments, however, dealt only with a 
lamellar structure and no attempt was made to verify 
equation (2.8). Tiller's proposal remains, therefore, 
as yet experimentally unverified.
2.1.3 Ternary Eutectics
The relative importance of the area of the 
interface and the orientation relationship between phases 
in determining the structure of eutectics has been discussed 
by Cooksey and Hellawell^0  ̂ with respect to structures 
obtained during the solidification of various ternary 
eutectic alloys.
It was noticed that in some of these alloys 
one of the phases solidified with a more or less regular,
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fibrous arrangement, howGvor ill© phase with the smallest 
volume fraction was not necessarily the one to develop 
rods. For example the rod-like 5*» rich phase in 
Cd^Sn-Tl (the relative volume fractions being 15:42:43 
respectively) and the Pb rich phase in Zn-Sn-Pb (the 
relative volume fractions being 4:71:25 respectively). 
These structures were explained in terms of the possi­
bility of a simple orientation relationship between the
("26)phases lowering the interfacial energy^ ' . In binary
eutectics this possibility is much greater since only 
one low energy orientation relationship is involved, 
i.e. between the oC and phases. Whereas, in ternary 
systems to obtain an phase sequence three sets
of orientation relationships are involved, i.e. between 
oC an d /  , /  andZ' and oC and ̂  , the chances for this 
are remote. It is, however, possible that two sets of 
orientation relationships may exist say between ©C an d /  
and ̂  and/^ , if so the phase sequence might be
established and would presumably maintain a lamellar 
structure. This seems to be the case for Cd-Sn-Pb, in 
which Pb corresponds to the /* phase; Cd-Sn-In, in which 
Snln is the /  phase ,* and Al-Cu-Zn, in which A1 is the/' 
phase. When only a single simple orientation relation­
ship is possible, say between oC and/  , then the/'phase 
will solidify as rods while the cC a n d /  phases form 
adjoining lamellae. For example Sn in Cd—Sn—T1, Pb in
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Zn-Sn-Pb and Al^Cu^Mg^ in Al-Cu-Mg.
The authors make plain the present impossibility 
to predict which phase in a particular system should 
adopt a fibrous arrangement due to the "unmanageable 
number of unknown variables".
If the above proposals are accepted, it follows 
that for ternary eutectic systems the establishment of 
simple orientation relationships between two or more 
phases is of primary importance in determining the 
structure of the eutectic. Phases with the lowest volume 
fractions do not necessarily form rods, as is the case 
in binary eutectics.
2.1.4 The Globular Structure
The existence of globular eutectic structures 
has been a point of dispute for many years. Tiller and 
Mrdjenovich^ first reported that at high rates of 
solidification the Pb-Sn, Cd-Zn and Sn-Zn eutectic systems 
formed a globular structure. Similarly the eutectics of 
Ni-C and Fe-C were also said to form a globular structure 
at high solidification rates v y . Wmegard et al.v 7
have criticised the results obtained by Tiller and 
Mrdjenovich since their own experiments showed no lamellar 
to globular transition in the Pb-Sn eutectic at high growth 
rates. In these experiments, however, maximum growth
Fig. 2.6 Partial equilibrium diagram
illustrating the supercooling
of the oc phase with respect
to the /3 phase, 8 S^ , and
the phase with respect to
the cC phase, £ S* . For an
increase in £ T and formm oc it is shown that the 
change in $ S^ is greater 
than the change in 8 s£ , (2)
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rates of only 0.03 cm/sec. were used, while Tiller and
Mrdjenovich quote the transition to occur at 0.1 cm/sec.
Only one theory has been proposed to account
(2)for the lamellar to globular transitionv . This is based 
on the assumption that the first requirement in the 
transition is the formation of a longitudinally discon­
tinuous eutectic, i.e. the repeated nucleation of one 
of the phases. Tiller proposed that since the under­
cooling due to diffusion ahead of the solid/liquid 
interface,A T^, is a function of R (see equation (2.3)),
then $ T , the minimum total undercooling, would also be m
so. With increasing R, £ T^ also increases. An increase
in S T will lead to an increase in the undercooling ahead m
of the oC phase with respect to they^7 phase and vice-versa, 
as shown in Fig. 2.6. If m* ^  ny? (where m is the slope 
of the liquidus lines) then the increases in the above 
supercoolings will not be the same. For this case the 
phase with the larger undercooling will tend to grow 
ahead of the other phase. It was proposed that if the 
relative undercoolings of the phases were substantially 
different, then the phase with the larger undercooling 
would also tend to nucleate ahead of the other phase and 
therefore lead to the formation of a discontinuous structure. 
The tendency to form a discontinuous structure will be 
enhanced by high growth rates and high ratios of moc/ny? 
or iry^/m dC t as deduced from Fig. 2.6. A globular
structure, however, will only be favoured by high solid
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oC/solid/ surface energies, which tend to decrease the
interphase surface area and therefore form globules of
the discontinuous phase.
The above theoretical proposals are as yet
experimentally unverified. The little experimental
evidence which exists on what appear to be true globular
structures, i.e. the structures found in the Fe-C and
JXTi-C eutectics, however, supports the fact that their
formation is favoured by high growth rates, high m ^  /moc
ratios and high solid oC /solid/' interface energies, which
2were quoted as being equal to approximately 880 ergs/cm 
in both systems-.
2.2 TNTRRPHASE SPACINGS DEVELOPED DURING UNIDIRECTIONAL
SOLIDIFICATION OF EUTECTIC ALLOYS
In the previous section the general character­
istics of the rod-like eutectic structure and its relation 
to the lamellar structure have been discussed. The 
following sections will deal with specific features of 
these structures, properties which are related directly 
to the results obtained in the present research.
The equilibrium interphase spacings which are
established during the growth of a eutectic alloy will 
be discussed first. However, since this presumes a 
theoretical treatment of undercooling ahead of an interface
this is first discussed.
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2.2.1 Undercooling at the solid/liquid Interface
(2 )Tillerv , following Zener's theories on
/ /T -1 /T q \eutectoid formation in the Fe-Fe^C system'1 ’ ' ,
assumed that the total undercooling at the solid/liquid 
interface of a eutectic alloy was the sum of three separate 
undercoolings so that
^ T = a  Td + A T C + A T k (2.9)
where A  T^ is the undercooling due to solute or component 
huilt up ahead of the oC and lamellae. Since the build 
up of B or A component will be greatest at the centre of 
the oC or ̂  lamella respectively, then A  T^ will also be
greatest at this position.
X is the undercooling due to curvature of C
the solid/liquid interface and is greatest where the 
curvature is greatest since at this point more surface 
area exists and more energy is required to produce this
surface.
^  Tjç is the kinetic undercooling associated
with the nucleation of new crystal layers on pre existing 
surfaces. For metallic systems this term is assumed to
be negligible compared with^T^
Tiller then derived equations defining the 
terms and (as previously described in Section
2.1.2 and Appendix 2). In deriving these equations 
Tiller assumed that the phase diagram of the eutectic 
in question is symmetrical about the eutectic point,
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that the widths of the individual oC and lamellae are 
equal, that the tips of the oC and ̂  lamellae are under­
cooled by the same amount and that the shape factor,^, 
is the same for each lamella. Prom these equations an 
expression for the total minimum undercooling ahead of 
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¿ 2= E (for rods)
=
L / ( l + ^ ) 2 
constant x R ( 2 . 1 0 )
(For a definition of the above terms refer to Section
2.1.2).
Whelan and Haworth^1*' extended the above 
proposals to eutectic systems whose phase diagrams are 
asymmetrical about the eutectic point. Considering the 
approximate lateral solute gradients ahead of the individual 
oCaxid/S lamellae, rather than the combined lateral 
solute gradient, and assuming that the liquid in the 
plane of and ahead of the interphase boundary is of
Fig._2 2_ Suggested undercoolings due 
to diffusion (A T ), radius 
of curvature (a  T^) , and 
kinetic considerations (/Tj , 
with a possible shape of the 
solid/liquid interface.
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eutectic composition, Fhelan and Haworth using the 
same principle as that of Tiller, derived the equation
1 1
where
^  T = 2(£x £ z) 2r 2
/  _ I1
C 1 ~ UD
(2 .11)
- 1. V ( c s - c b ) (CK -  c*)E E .«cSy J
oCwhere and are the solute concentrations in the
solid at the tips of the ©C a n d ^  lamellae respectively. 
The values for <f2 (th e term associated with the under­
cooling due to curvature) were the same as those quoted 
by Tiller. It will be seen in the following section
that experimental results support the above equation.
(28,65)Jackson et al. have followed similar
principles to those described above in developing the 
undercooling expression, however they have extended their 
analysis to include rod-like structures and have taken 
into consideration the actual shape of the solid/liquid 
interface rather than use a general shape parameter,^, 
which appears in both equations (2.9) and (2.10). It 
was shown, however, that the form of the undercooling 
equation remained the same for both types of structure, 
i. e.
Hunt et al.
= constant at each point on the interface, have suggested 
possible undercooling distributions ahead of the oC an d/* 
lamellae, as siaown in Fig. 2.7- From these they predicted 
the resulting interface shape and confirmed their predic­
A  T = constant X R 2.
(59,63) assuming that <aT = ̂ T  + <&Ti-/ o
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tions by observation of solid/liquid interfaces in various 
organic eutectics.
Various researchers have measured, by means of 
fine thermocouples, the actual undercooling at the 
solid/liquid interface of various eutectics as a function 
of the solidification rate (-30,63,66)^ jn a2j_ cases 
the general equation = constant x R 2, derived above, 
was found to apply.
2.2.2 Theory of interphase spacings
In this section the various theoretical 
analyses of interphase spacings will be considered.
It will appear that although each theory involves different 
assumptions all result in the same general equation, 
which agrees well with experiment.
/ R  ̂  constant
where \ =  interphase spacing
and R = solidification rate
and 2 ^ n ^ 3
On this basis, therefore, no theory may he chosen in 
preference to another.
The basic approach in all of the theories is 
the development of diffusion equations in terms of the 
undercooling developed ahead of the solid/liquid inter­
face. Two of the theories depend on the application of
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an "extremum" condition in order to obtain the final 
equations; the third theory makes use of a model based 
on an experimentally observed characteristic of eutectic 
alloys.
Tiller' ' was the first to treat theoretically 
the dependence of interlamellar spacings, developed 
during unidirectional solidification of eutectic alloys, 
upon various system constants and solidification variables. 
In Section 2.2.1 and Appendix 2 equations describing 
the undercoolings which are developed at the solid/liquid 
interface have been derived. The resulting equation 
describing the total average undercooling of the solid/ 
liquid interface for steady state solidification at a 
rate R, is :
a t & / R (J--k « ) cE




Assuming that the solidification reaction takes place 
at minimum ̂ T, with respect to the interlamellar spacing, 
an extremum condition may be applied in solving the 
above equation:
= 0. For this
^ 2r  = 8 ^  Tb D ^ -  (2.12)
0/Ly*(l-ka)CE
p^  R = constant.




Fig. 2.8 (a) Plan view showing idealized
termination of an «C lamella.
(b) Sect ion through solid/ 
liquid interface according- to 
Jackson and Chalmers' analysis.
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In his original analysis Tiller proposed that minimum 
undercooling would result from a minimum rate of entropy 
production by the reaction. Although this assumption
(67-69)has been a topic of discussionv 7, it does not
effect the assumed extremum condition.
Tiller's analysis assumes k <* = k^ . For
(64)the more general case (k*^ k^) , Whelan' and Haworthv 7 
derived the following equation using the same procedure 
adopted by Tiller:
A 2r = 8DTE
efE/>
1
P/f (C| - CE) m« (CE - C£)_
( 2 . 1 3 )
By substituting appropriate values for the terms in 
the equation^values of 0*^ were calculated for various 
eutectic systems. These were found to give reasonable 
agreement with values quoted in the literature for 
equivalent systems, supporting the validity of the 
above equation.
Jackson and Chalmers^ ’7°' have proposed a 
theory which does not make use of any extremum conditions. 
They suppose that steady state interlamellar spacings 
are determined by the stability of a lamellar termination 
or fault, shown in Fig. 2.8 (faults are treated in more 
the following section) . If the lamellar faultdetail in
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moves to the left, the average spacing decreases and 
when it moves to the right it increases. The condition 
for stable lamellar growth therefore occurs when the 
fault is stationary, for this it was assumed that the 
undercooling ahead of fault was equal to the undercooling 
ahead of a region of perfect lamellarity. It was also 
assumed that: the solid/liquid interface is isothermal,
the widths of the two phases are equal, the radii of 
curvature of the solid/liquid interfaces of the lamellae 
of both phases are equal and constant and the solid/ 
liquid surface energies of the a n d ^  phases are
equal. For a section of the solid/liquid interface 
as shown in Fig. 2.8, the undercooling expressions for
^ T and A T  were derived. From these the final equation D C
describing the interlamellar spacing was in turn derived 
and shown to be
variant of the fault model, also considering rod-like 
eutectics and eutectics with anisotropic phase widths 
radii of curvature of the solid/liquid interfaces and 
solid/liquid surface energies of the oC and phases. 
Xn their derivation they assumed non steady state




Jackson and H u n t l a t e r  suggested a
growth of the eutectic, i.e . the undercooling ahead of
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faults was not assumed equal to the undercooling ahead 
of lamellae, as had been assumed by Jackson and Chalmers.
In doing so, however, in order to obtain the final 
spacing equation, it was found necessary to assume an 
extremum condition. This was, that growth takes 
place with the minimum undercooling. The relationship 
between interlamellar spacing and solidification rate 
was found to be similar for both lamellar and rod-like 
structures and was expressed as
= constant (2.15)
i.e. as equations (2.12), (2.13) and (2.14).
The probability that faults are the general mechanism
for establishing equilibrium interlamellar spacings
will be discussed in more detail in the following section.
The general form of equations (2.12), (2.13),
(2.14) and (2.15) has been shown to apply to a number
(4,20,22,30)of eutectic systems by various investigators > > > .
A number of exceptions, however, do occur. Wilkinson 
and Hellawell^1  ̂ were first to show that for the
—0.34 .system Pe-Pe C the equation ,\ = AR * applied. Lakeland
^ -0 49showed that for the system Pe-C the relation A = AR ’
(12 ) .applied. Subsequently, Brigham et al. obtained
slightly different values for the superscripts for the 
same systems: -0.38 for Fe-Fe C and -0.51 for Fe-C.
/„I (56) , _ (80)Cooksey et a l J 3 . Whelan and Haworth and Jones
have also found in a number of eutectic systems that 
the superscript value did not equal -0.5- Cooksey et
Table 2.2
Spacing Equation Constants for Eutectic Systems
System -n — 3*A x 10 ^/ n+1 -ns (cm sec ;
Reference
Al-Mg 0.47 1.50 (22)




Fe-Fe^C 0.34 3.20 (31)
Fe-C 0.4 9 0.399 (19)
Fe-C 0.51 0.380 (il)
Fe-Fe^C 0.38 1.90
Al-CuAl 0.45 1.25 (32)
Al—AggAl 0.50 0.86
Al-Z n 0.36 2.00•HH1H 0.50 0.90
Ag-Cu 0.35 1.20
Pb-Sn 0.50 0.50 (30)
Pb-Cd 0.50 0.459







Sn-Zn 0.50 0.833 Continued
Table 2.2 continued
Pb-Sn 0 . 5 0 0 . 3 ^ 5 (63)
Pb -Sn 0.39 (66)
Pb-Sn 0 . 5 2 0 . 6 1 9 ( 5 6 )
Bl-Cd 0 . 4 8 0 . 4 4  3
Bi-Pb^Bi 0 . 4 7 0 . 8 6 7
Bi-Zn 0.50 0 . 8 3 5
Pb -Sn 0 . 4  6 0 . 5 9 2 (80)
Sn-Cd 0.36 0 . 4 5 7
Sn-Zn 0 . 4 7 0 . 5 5 6
Sn-SnAgj O . 5 2 1 . 3 7 0
Pb-Ag O . 3 0 O . 6 5 0
Bi-A g 0 . 4 2 l. 080
Cd-Zn 0 . 4o ( 2 2 4 )
* Note: Some of the following values do not 
coincide with the original values 
quoted because of standardisation 
of units.
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al. have therefore proposed that the general form of 
the relationship should be written asA= a r -11 (2.16)
where A and n depend on the eutectic system in question. 
Table 2.2 shows the various n and A values obtained 
in all of the eutectic systems studied. It is seen 
that n varies from 0.30 to 0.52 and A varies from O.bb 
to 3.2 (cmn+ /sec11) x 10” . In one other lamellar 
eutectic system (Cd-Sn) the following relationship 
was found ;
^\= AR_n + B
where B is a constant. None of the above authors, 
however, discuss possible reasons for the disparity 
between the theoretical and the experimental values.
All of the above work was conducted on
lamellar eutectics, however, it has been shown that
equation (2.16) applies also to rod—like eutectic, 
For the Al-Al^Ni eutectic it was shown that 





A = 7.7 x 10 ^ c m ^ 2 sec' 
—5B# 2 x 10 cm
The constant value B was, however, again not explained.
In all of the spacing theories discussed in 
the previous section, it was assumed that temperature
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gradient had no effect on interphase spacings. Yue^22  ̂
has shown that for the eutectic system Al-Mg this 
holds for gradients between 9 and 50°C/cm. Recent
(Qi\work by Day and Hellawell' ' on the Al-Si eutectic,
however, has shown that both the lead distance of the 
Si plates over the A1 phase, d, and the interphase 
spacings, , are inverse functions of the temperature 
gradient, G.r the effects being more marked at higher 
gradients (^20°C/cm.). The effects of G on d have 
been previously discussed (see Section 2.1.2). The 
authors suggested that the lateral diffusion distance 
of the eutectic components must be influenced by the 
value d since for low values of d, less silicon will 
be exposed to the liquid, less aluminium will be rejected 
from it, this favouring smaller values of X  •
2.2.3 The Fault Structure
The extensive research of Kraft and his 
co-workers has shown that a lamellar eutectic
does not consist of perfectly parallel sheets of each 
phase extending uninterrupted throughout the length
cross section of a eutectic crystal. The parallelism 
in cross section is usually partially destroyed by the 
presence of discontinuous lamellae, "terminations", or
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"faults" which create some minor disregistry in the
neighbouring lamellae. These terminations are formally
very similar to edge dislocations. In a somewhat
analogous way to dislocations, faults are able to
"migrate" during solidification and interact with
each other causing either annihilation of the fault
or the production of a more complex fault configuration.
The extra lamellae originate from already existing
(70 76)mismatched regions. Kraft et al.v y have also found
that the mismatched regions associated with lamellar 
faults are crystallographically misoriented, unlike 
the fault free structure, and have therefore a higher 
energy and are thermally unstable (see Section 2.6.2). 
Hopkins and Kraf t also found that the fault density
of a particular eutectic alloy decreased as growth 
proceeded, for a constant solidification rate.
Yue^22  ̂ has studied the variation in fault 
density with solidification rate for the Al-Mg eutectic 
and has found a direct proportionality between the two 
variables; i.e. as growth rate increased, the fault 
¿lQ%3_sity per cross sectional area also increased. The 
assumption made in the explanation for this was that 
the fault density per number of lamellae was constant, 
so that at higher growth rates the interlamellar spacing 
decreases, the number of lamellae per unit area increases
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and therefore the number of faults per unit area also 
increases.
Faults have also been observed in rod-like 
f 27)eutectics' . For these eutectics, however, a fault 
was defined as either the addition or the absence of 
a rod from the close packed hexagonal array of rods 
observed in a specimen's cross section (see Section 2.l). 
Lemkey et al. did not treat the subject in detail, the 
only statement made being that the fault density decreased 
with decreasing solidification rate as for lamellar 
eutectics.
Jackson et al. (^8,65) 22ave assumed faults to 
be the criterion in the establishment end. maintenance 
of the equilibrium interlamellar spacing. Changes in 
interlamellar spacings being possible by either the 
termination or the nucléation of extra lamellar plates
(59)or faults and the migration of these. Hunt and Jackson 
have shown experimentally the importance of fault migration 
in the determination of a stable interlamellar spacing 
by examining the structures of eutectics made from 
organic materials which solidify in a similar way as 
metals. It was found that variations in interlamellar 
spacings, caused by small fluctuations in the solidifi­
cation rate, resulted from either the movement of existing 
faults or the formation of new faults. Xn eutectics
containing no faults, however, the growth rate could 
be changed by a factor of two or three with no initial
(78)
effect on the interlaraellar spacings. Continued 
growth under these conditions led to a breakdown of 
the planar interface and the establishment of the 
equilibrium interlamellar spacing.
The results obtained by Gruzleski and Winegard) 
however, seem to contradict the above explanation for 
the formation of faults. These authors found that when 
unidirectionally solidifying Sn-Cd eutectic specimens 
some of the grains within these specimens were essentially 
fault-free while other grains adjacent to the above 
contained a large number of faults. Entirely fault—free 
grains as long as 6 cm. were observed. The fault-free 
grains had also a smaller interlamellar spacing than 
the faulted grains within a specimen. From these 
results Gruzleski and Winegard conclude that a faulted 
structure is not a necessary feature of steady-state 
lamellar growth and that faults are not the result 
of small local growth fluctuations since if so all of 
the eutectic grains should be affected. Since fault-free
grains were assoc iated with lower interlamellar spacings
it was thought they they may also be associated with
lower solid-solid interphase boundary energy than
, rr-ioia -T+- A t a l  ( 7 0 , 7 8 )  jia ve  shownfaulted structures. Kraft et ai.
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that regions associated with faults are crystallographically
misoriented and therefore have higher energies than fault-
free regions, as mentioned previously. The larger
interlamellar spacing's observed in faulted grains
(higher is therefore expected from consideration
of equation (2.13)« Gruzleski and Winegard also propose
that since the fault-free structure has the lowest energy,
a eutectic will tend to achieve this structure with
( 75)continued growth. Hopkins and Kraft v 7 have shown 
this proposal to hold for the single eutectic system 
studied, however all other observations contradict 
these findings.
In all of the above discussions the possible
effects of temperature gradient on fault density were
( 77)not mentioned. Recently O'Hara and Hellawell 7,
have shown that the number of faults in a eutectic specimen
decreases with increasing temperature gradient.
2 ^ THE FORM OF THE SOLID/LI QUID INTERFACE
The structure of a eutectic alloy depends, to
some extent, on the form of the solid/liquid interface
of the individual phases.
The general shape of the solid/liquid interface
of a lamellar eutectic may be predicted from the under­
cooling profile at the interface (refer to Section 2.2.1
^3.
and Pig. 2.7). Hunt and Jackson (28,59) Have shown
good agreement to exist between predicted and observed 
interface shapes. These predictions, however, apply 
only to typical metallic systems, i.e. systems in which 
both phases have low entropies of melting.
nature of the interface of a crystal in contact with 
its melt. Two types of interfaces are proposed:
nucléation. "Smooth" interfaces are those which develop 
well defined facets during growth. The free energy 
associated with the interface was calculated as a function 
of the fraction of surface sites which are occupied. It
lowest free energy occurs when half the available surface 
sites are filled, resulting in a "rough” interface, or 
(b) the lowest free energy occurs when most of the surface 
sites are filled or empty, resulting in a smooth, faceted 
interface. The distinction between these was shown to 
depend on the parameter
Jackson has discussed in detail the
(a) "rough", which do not require repeated nucléation
of new faces, and (b) "smooth", which require repeated
was shown that two cases were possible: (a) the
(2 .18)
where Lj /Rig is the entropy of melting of the material,
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expressed in dimensionless units, and % is a factor which 
depends on the crystal structure of the material;
^ lies between and 1 for the closest packed face of 
a crystal, and decreases for higher index planes.
Materials with L ̂ /RT.^ <̂ 2 solidify with a rough interface, 
while materials with L ^  /RT^^ 4 solidify with a smooth 
and faceted interface. However the solidification 
behaviour of materials with intermediate L^ /RT^ values 
will depend on ^ . Unfortunately many of these materials 
have crystal structures which make it difficult to calculate 
^  , however a few typical cases are shown in Table 2.3*
Ice is of interest since L^ /RT^ = 2.63, however only 
the basal plane has a value of i which makes oĈ  2, faceted 
growth, therefore, would only be expected on the basal 
plane, as has been experimentally observed.
Hunt and Jackson have applied the above
proposals to the growth of binary eutectics as a means 
of classifying eutectic morphologies. They concluded 
that eutectics in which both phases grow with "rough" 
interfaces, i.e. both phases have low entropies of 
melting, will result in regular lamellar or rod-like 
structures. Whereas eutectics in which one phase grows 
with a rough interface and the other phase grows with a 
faceted interface will result in irregular or complex 
regular structures (e.g. spiral). Most eutectics have
been found to conform with this classification. Exceptions 
however do o c c u r ^ ^ . These are mainly found 
in eutectics in which the major phase has an L̂ p /RT^ 
factor just greater than 2, and the minor phase has a 
factor less than 2. They should therefore result in 
irregular structures, however, normal structures are 
found. It is apparent that other factors may influence 
the form of a solid/liquid interface and therefore the 
eutectic structure.
Facets form when there is an energy barrier 
for the addition of a new solid layer on an existing 
surface. Hulme and Mullin^8^  have shown that faceting 
in single phase InSb can occur only if the interface 
curvature is convex with respect to the solid. If the 
curvature is concave a facet does not form because for 
this case the energy associated with the nucleation of 
a new solid layer is much lower and therefore the surface 
may grow easily. The explanation of supposedly faceted/
non-faceted eutectics which have normal structures is
(88)based on the above observations. Hunt and Hurle 
have essentially proposed that a material which solidifies 
in a faceted form as a single phase may solidify other­
wise when in contact with a different material. For 
example, in a eutectic, if the major phase has cC>2, and 
the minor phase < < 2 ,  then these phases may be expected
U6.
to form faceted and rough interfaces when solidified 
individually. However, when combined the presence of 
the minor phase may lead to the formation of a concave 
solid/liquid interface on the major phase which will therefore 
tend to solidify with a rough interface. These proposals, 
however, have not been experimentally confirmed. More 
conclusive proposals could be obtained only by observation 
of the solid/liquid interface.
The changes in structure observed in Bi-Ag 
alloys with varying concentrations of Bi are also of 
interest. It was noticed that with increasing amounts 
of Bi the Ag-rich dendrites changed their mode of 
growth from non-faceted to faceted Taylor et al.
proposed that this was due to changes in the latent 
heat of fusion of Ag, and therefore , resulting from 
additions of large amount of Bi. With increasing amounts 
of Bi, the value of sC. for Ag was assumed to increase above 
2, thus leading to faceted growth of this phase. No 
mention was however made of the possible effects of 
changing the interface form of the Ag dendrites on the 
structure of the Bi-Ag eutectic, which is normal. It 
must be assumed that no effect was noticed. This appears 
to contradict the proposal of Hunt and Hurle since with 
an oC factor for Ag greater than 2, an irregular structure 
might be expected; unless one assumes that the growth
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form of only the Ag dendrites is effected by varying 
concentrations of Bi.
2.4 THE NUCLEATION OF LAMELLAR EUTECTIC ALLOYS
The mode of nucleation of eutectics is still 
controversial since experiments capable of distinguishing 
between the various theories have as yet not been 
devised.
Early theories assumed that as the eutectic
liquid became slightly supercooled, one of the eutectic 
phases, say , nucleated heterogeneously and grew to 
form a minute plate. With growth cf the primary phase the 
surrounding liquid increased in concentration with respect 
to the B component, thus causing the nucleation of the 
phase. Nucleation was assumed to occur on one side of 
the 0C plate, with the nucleated phase assuming an 
"equilibrium" orientation relationship with the nucleating 
phase. Simultaneous longitudinal growth of the two 
phases occurs, leading to their lengthening and broadening, 
while the transverse multiplication of lamellae occurs 
by the repeated nucleation of alternate phases onto each 
other. Since, as will appear shortly, each phase differs 
Very considerably in its ability to nucleate the other, 
this simple model almost certainly does not apply.
TillerO) slightly modified this model and
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suggested that the formation of new layers of alternate
lamellae occurred by the overlapping of one phase by
the other, thus forming bridges as shown in Pig. 2.9.
This mechanism avoids the problem of repeated nucleation;
it also readily explains the formation of a single
orientation relationship between the phases within a
( 8 ) .single grain. Chadwick' ' proposed a more detailed 
variation of Tiller's model, however the basic assumption 
that new lamellae are formed by an overlapping process
remains the same. •
A different nucleation model was proposed by 
Hillert and Steinhauser and Vadilo Following
the nucleation of the primary phase it was assumed that 
the secondary phase precipitated as a thin, lace—like 
layer, similar to an incomplete halo, on the primary 
phase. The latter grew through the holes present in the 
enveloping layer. Subsequent growth of the phases then 
occurred. Hogan^1°1') has proposed a similar model. 
Considering the nucleation behaviour of the Al-CuAl^ 
eutectic it was noted that CuA 12 dendrites formed first. 
Following Hillert et al. it was proposed that lace-like 
films of Al precipitated at various points, each point 
resulting in a eutectic grain. The CuA12 phase grows 
out through the holes in the aluminium film and simul­
taneous growth of the two phases occurs The development
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of a eutectic grain, from its point of nucleation, 
occurs by repeated branching of the lamellae, while the 
broadening of the lamellae occurs by growth in a direction 
parallel to their interface. Growth of a grain continues 
until it becomes impeded by neighbouring grains.
The work of Mondolfo et al. has greatly
clarified our understanding of nucleation behaviour. 
Initial experiments showed that the tendency for one 
phase to nucleate the other was non-reciprocal, i.e. in 
the eutectic system A-B, almost invariably sC nucleates 
at a low undercooling, the reverse is not true. In 
most cases it was also found that the phase with the 
more "complex" crystal structure served as the nucleating 
phase. In the above system solidification of hypoeutectic 
alloys is relatively simple: forms first and /  is
nucleated by it. In hypereutectic alloys ̂  nucleates 
first. Since ft does not easily nucleate oC , it grows 
enriching the adjoining liquid in A. Nuclei of are 
formed in this enriched region and grow rapidly forming 
complete envelopes or haloes around the ft dendrites. 
Subsequent nucleation of the^ phase takes place on the 
oC haloes. For an alloy of eutectic composition the 
process depends on which phase nucleates first. Chadwick
imple interfacial energy argument, thathas shown, on a s
Fig. 2.10 Diagrammatic representation 
of the nucléation of the 
cC and /S phases on each 
other. (98)
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the above observations are plausible. Prom Pig. 2.10: 
if cC is the nucleating phase then
Clearly both inequalities cannot be satisfied which
leads to the non-reciprocal nucleation effects.
Furthermore, from these studies as a whole,
Mondolfo et al. concluded that a close fit between the
lattice parameters of nucleating and nucleated phase
is not necessary for low undercooling since if so the
nucleating power of cC f o r ^  a n d f o r  oC would be equal.
f 94)Subsequent research^ ' showed that a number of orientation 
relationships, between a nucleating and a nucleated 
phase, are possible. These relationships are favoured 
by a low crystallographic disregistry between "mating" 
planes. The undercooling for nucleation was, however, 
found to be constant for lattice disregistry of up to
¿hoc
i f /  is the nucleating phase then
The importance of epitaxial nucleation in
determining of final orientation relationships will be 
discussed in detail in the following section.
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2.5 GROWTH AND ORIENTATION OF EUTECTIC ALLOYS
Prior to discussing the crystallographic 
orientations observed in eutectic alloys, it is first 
necessary to consider briefly the behaviour of crystals 
of single phase materials.
2.5.1 Growth and Orientation of Crystals of Single 
Phase Materials
Numerous experiments have shown that when a 
pure metal is unidirectionally solidified, the first 
stage in the solidification process is the nucleation of 
many, randomly oriented grains. With continued growth, 
however, at the most only a few of these normally 
survive Most of the grains are eliminated by
competitive growth. Those that survive are generally 
found to have low-index crystallographic directions 
parallel to the growth direction. Clearly these must 
be directions capable of rapid growth, however, differences 
in this respect cannot be too great, at least for some 
materials, since several possible growth directions are 
found for the same material depending on the growth
conditions.
Various theories have been proposed to explain
the formation of preferred orientations developed during
Table 2 .k
Preferred Growth Directions in Single Phase Materials
Structure Type Metal Pref erred Growth Direction
Planar Dendritic
Growth Growth
















, - (108-111)crystal growth . These are based on a number of
assumptions such as: the dependence of the solid/liquid 
interface kinetics on the orientation of the crystal, the 
anisotropy of solid/liquid interfacial energy, the aniso­
tropy of heat flow and the variation of solid/liquid 
interface structure with orientation. A detailed discussion 
of these theories is not appropriate here, however, it may 
be noticed that all theories conclude that the preferred 
orientation of a crystal will depend on its crystal structure 
and whether the solid/liquid interface is planar or dendritic. 
The available experimental results are summarised in 
Table 2.4, these are consistent with the theoretical 
proposals. However, all theoretical treatments are 
incomplete since they do not consider the influence of 
experimental conditions on the preferred orientations.
Goss et al.^112’11^  have shown, for various 
metals, that preferred orientations depend on solidification 
conditions. They observed that some metals, which 
solidified with a preferred growth direction at low 
solidification rates, showed no preferred growth direction 
when solidified at high growth rates. Zinc was found 
to be an exceptional case: at low growth rates zinc
has the £000lj direction parallel to the growth 
direction as shown in Table 2.4, however at high growth 
rates the £ OOOl] was found to be normal to the growth 
direction. Contradictory evidence also exists on the 
way in which preferred growth directions are developed
Table 2.5
Orientation Relationships In Binary Eutectic Alloys
System Eu t e c t i c Typ e Crystallographic Relationships Reference
Cd-Zn Lamellar Interface // (OOl) Cd /  (OOl) Zn
foil O] Cd H [Olio] Zn
(132)
B i-Cd Lamellar Interface ¡1 (lolo) Bi // (OOOl) Cd
fOOOl] Bi // [Olio] Cd
(90)
Cd-Sn Lamellar Interface ^ (lOO) Sn // (OOOl) Cd
fOOlj Sn // folio] Cd
(90)
Sn-Zn Lamellar Interface // (lOO) Sn // (OOOl) Zn
f o o i j  Sn // f o i l o j  Zn
(90)
A 1-Si Dendritic None (90)
Ag-Cu Lamellar All planes and directions parallel 
probable growth direction along a (lOO) 
axis
(91)
Ag-Cn Lamellar Growth direction £lloJ Ag // [ l i o ]  Cu (133)
Cu -A12-A1 Lamellar (OOl)Al// (00l)CuAl2 
[10o] a 1 // ¡100] CuAl
(91)
Cu-Al -Al Lamellar (OOl) Al// (OOl)CuAl 
[HO] Al H  [lOO] CuAl
(134)
CuA12-A1 Lamellar Interface (1 1 1)A l H (21l)CuAl2
[lOl] Al // [126] CuA12
(73,126)
Con.tim.zecL /  . .
Table 2.5 continued
Al-AgAl Lamellar (lll)Al// (OOOl)AgAl 
Growth Direction £ llo J A1 H f l l2 o J  AgAl (91)
Pb -Sn Lamellar (101) Sn// (ill) Pb 
[010] Sn // [112] Pb
(135)
Pb-Sn Lamellar Interlace // (ill) Pb // (Oil) Sn 
Growth Direction /! [211] Pb H [21lJ Sn
(10 2)
Al-Al Ni Hexagonal Rods 
and Platelets
Interface II (OOl)Al^Ni H  (331)A 1 




Interface // (llO)Mg2S n // (OOOl)Mg
fOOl] Mg2Sn //[1120] Mg (8)
InSb-Sb Triangular
Rods
Interface // (lOO)Sb/! (21l) InSb 
Growth Direction / [000lj Sb II [ill] InSb 
Sb.Triangular Sides // [lio] InSb
(44)
Fe-Fe SbX Dodecahedral 
Rods
Half of Interfaces // (llO)Fe // (21l)Fe Sb 
Half of Interfaces // (21l)Fe // (lOO)Fex Sb 
Growth Direction [ill] Fe /^fooij Fe^.Sb
(42)
Ni B-Ni Lamellar Interface II (lUl)Ni^B //(15l)Ni 
Growth Direction H [113] Ni^B H [101] Ni
(136)
•S ») 1 »> 10 o Rectangular
Rods
Longer Interface // (l210)Ta^C 
Shorter Interface H (OOOljTa^C 




Longer Interface // (1210) Nb
Shorter Interface (OOOl)Nb^C






Round. Growth Direction // £00lj Fe Approx. (36)
- /^[lOlo] FeS
Rods
Lamellar Interface //(lOO)LiF// (lOO)NaF (l38)
Growth Direction // £lOoj LiF// [lOOJ NaF
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during the growth of single crystals. C h a l m e r s >115,116) 
found that seeded crystals of aluminium (and other metals) 
solidified without change of orientation for all seed 
orientations. However, Marinelli and Blaha^^*^ , using 
seeded aluminium and zinc crystals, found that the 
orientation of the crystals changed progressively during 
growth, until the preferred direction was attained. These 
different findings remain unexplained.
Prom the above discussion it is apparent that 
further research is required in order to propose a 
general theory on the development of preferred orientations 
in crystals of single phase materials.
2.5.2 Growth and Orientation of Eutectics
One obvious conclusion which is made on 
surveying the extensive research which has been conducted 
on the orientation of phases in lamellar eutectics is 
that for all cases investigated there exists a simple 
orientation relationship between the eutectic phases 
and the interface separating them, as shown in Table 2.5. 
For rod-like eutectics which contain cylindrical rods an 
orientation relationship is evidently not possible; 
however, in most of the rod-like eutectics which have 
been studied the rods have faceted cross sections and, 
as for lamellar eutectics, the phases and the interface 
have been found to have simple orientation relationships.
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have simple crystallographic directions parallel to the
direction of steady-state growth.
An early proposal was that the orientation
relations referred to arose because the low-index interface
was also a low-energy interface; several annealing
experiments support this view. Kraft et al. ^ ^ ’126)
(32)and Cooksey et al. v 7 observed the structure of uni­
directionally solidified ingots of various eutectic alloys. 
They concluded that in all cases the ingots consisted 
of three zones: Zone 1 (first to solidify) contained 
many small eutectic grains, these "gradually merged" 
resulting in a few large grains all elongated in the 
direction of solidification (Zone 2), Zone 3 (last to 
solidify) contained eutectic colonies caused by the 
segregation of impurity elements. Annealing of the 
specimens resulted in spheroidisation of the lamellae
in Zones 1 and 3, while the lamellae in Zone 2 remained
. . . (73 7^)unchanged except in the vicinity of lamellar faults' ’ .
Since it was found that a simple orientation relationship
existed between the lamellae and the interfaces in Zone 2,
it was assumed that the lamellae in Zone 1 had no such
relationship and that this was the cause of their instability.
(As discussed in Section 2.1.2). Faulted regions, where
Table 2.5 also shows that the phases in most eutectics
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no orientation relationship exists, are also higher in 
energy and therefore unstable (as discussed in Section
(129)
2.3 .3).
Later workv“ ^', however, has shown that the 
lamellae of Zone 1 have the same orientation relationships 
as the lamellae of Zone 2. It was proposed that their 
greater instability was due to the higher density of 
faults in this region.
The only rod-like eutectic for which annealing 
experiments have been carried out is the Al-Al^Ni 
eutectic ? which has a faceted interface and a
simple orientation relationship (see Table 2.5). Prolonged 
annealing (500 hours at 97$ of the eutectic temperature) 
did not change the structure.
It is now also well established that eutectic 
phases have simple directions parallel to the growth 
direction, as shown in Table 2.5. Favoured growth 
directions are to be anticipated from the behaviour of 
single phases (as discussed in the previous section) .
The situation i s, however, more complex in eutectic 
systems since the phases also establish an orientation 
relationship with the interface. This is presumably 
why the preferred growth directions observed in the 
phases of a number of eutectics are not those which are
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observed for the single phases, although In some eutectics 
the directions are the same (compare the preferred 
directions quoted in Table 2.4 to those in Table 2.5).
Not only do the phases in a eutectic structure 
normally have a simple crystallographic direction parallel 
to the direction of growth but if the lamellae in a 
eutectic are caused to deviate from their favoured 
direction, they re-establish it when able to do so.
Chadwick^  ̂ has examined the micro-structure 
of the lamellar Al-CuAl^ and Al-Ag^Al eutectics and the 
rod-like Al-Al^Ni eutectic grown around inserts of various 
radii of curvature. The lamellae of the Al—CuAl^ eutectic 
followed the contour of the insert for radii^l inch, 
the phases maintaining their low-index orientation 
relationship. For smaller radii fresh nucleation of 
grains occurred. Continued growth re-established the 
preferred direction of the phases. The lamellae of the 
eutectic Al-Ag^Al, however, behaved quite differently.
They did not change direction continuously around 
inserts of large radii, but abruptly through an angle of 
several degrees after a short distance of straight growth. 
For inserts of small radii, the lamellae degenerated.
The difference in behaviour of the two eutectics was not 
explained. Chadwick proposes that the ability of a 
lamellar eutectic to change its growth direction depends
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upon whether lamellar faults are present in sufficient 
numbers and are able to migrate rapidly enough to 
maintain the eutectic phases in their equilibrium orien­
tation. The behaviour of the rod-like Al-Al^Ni eutectic 
was in turn different. For radii ^  1 inch, the Al^Ni 
fibres followed the contour of the insert. The A1 
matrix maintained a constant orientation around the 
insert, whilst the Al^Ni fibres maintained their preferred 
growth direction by frequent branching. For radii <^0.5 
inch, however renucleation of eutectic grains occurred.
One might therefore conclude that the natural tendency 
of eutectics is to establish preferred orientations 
between phases and interfaces, and to grow with 
preferred directions. A direct attempt to confirm this
(102)conclusion was made by Hopkins and Kraft v y and 
Hellawell et al.^13°’137K
Hopkins and Kraft investigated the importance 
of orientation, between nucleus and nucleated eutectic, 
in determining the structure and the orientation of the 
lamellar Pb-Sn eutectic. Tin seeds, of various orientations, 
were used to nuclsste the eutectic in which the equilibrium 
orientations of the phases were found to be.
interface ^  (ill) Pb // (Oil) Sn 
growth direction ^  /~21lJ Pb jj [21l] Sn
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It was shown that although the eutectic could, be nucleated 
by seeds of differing orientations, only in the cases 
where the seed orientation was parallel to the preferred 
lamellar interface ((Oil)Sn) was a normal lamellar 
structure obtained from the onset of growth. For all 
other cases the lamellar structure was "broken" at the 
nucléation point. However, with continued growth, a 
normal lamellar structure, having the equilibrium 
orientation, gradually developed. No nucléation of new 
grains was observed during the development of the favoured 
orientations. Normal lamellar structures were also 
produced from seeds having a direction in the preferred 
lamellar plane although not parallel to the preferred 
growth direction of the eutectic lamellae. For these, 
however, it was found that the initial direction of the 
tin lamellae rotated during growth, and became parallel 
to the preferred direction. It was proposed that the 
rotation took place because growth along the preferred 
direction takes place at a lower undercooling than 
growth along any other direction.
Hellawell et al. (^3^,137) carried out experiments
similar to the above, for the lamellar eutectic systems: 
]_/±F—]NTaF, Al—Zn, Al—CuAl^ end Al—Ag^Al, In all cases it 
was found that the eutectics nucleated by unfavourably 
oriented nuclei developed their preferred orientations
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after a certain "incubation" period. For the LiF-NaF 
eutectic this occurred by independent rotations at 
different parts of the solid/liquid interface, each 
part resulting in a eutectic sub-grain. No repeated 
nucleation was again observed.
The observations described in the above para­
graphs all support the general conclusion that the natural 
tendency of eutectics is to establish equilibrium 
orientation relationships between the phases and inter­
faces and to grow with a preferred, low-index growth 
direction. More detailed observations of eutectic 
structures have, however, introduced a number of complexi­
ties in the situation which as yet have not been explained. 
De Silva has observed that the structure of the
Ni-NijSi eutectic consists mainly of normal lamellae, 
some lamellae, however, are curved apparently over very 
long distances. Hellawell et al.  ̂ ^  ̂ have shown
that after establishing equilibrium orientations, the 
lamellae, in the metallic eutectic systems studied, 
rotate in a helical fashion along the whole length of the 
specimen. It was also found that crystallographic 
mis orientations, of the order of 15-20', existed within 
individual lamellae and between alternate lamellae of
the same phase. Weatherly (139) has also shown that
6 0.
eut©ctic grains contain a lange number of sub—grains, 
the mis orient at Ions between these being up to 5°.
From the above discussion it is apparent that 
much more research is required to finalise a general 
theory on orientations found in eutectic systems.
2.5.3 The Formation of Growth Twins
The general subject of twin formation is very 
extensive (^57) . this section twin formation during
solidification (growth twinning) and its significance 
in the formation of preferred orientations are considered.
Ellis et al. (158,159) noticed the formation 
of growth twins during the unidirectional solidification 
of germanium. The solidification procedure was to seed 
the melt so that solidification proceeded from a single 
nucleus; subsequent lateral growth occurred by the 
nucléation of new grains on existing solid surfaces, 
the new grains having twin relationships with pre— 
existing grains. in this way a number of g r a m s  were 
established early in the solidification of the ingot 
and these grew longitudinally without further twinning.
In transverse, the interface separating two twinned 
regions was quite irregular, i.e. not parallel to the 
twin plane. Accordingly it was termed non-coherent.
In order to explain all of the orientations found in
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the ingots twins up to 6th order were necessary, however 
some generations were found missing. It was suggested 
that their orientations with respect to the growth direction 
were, unfavourable for survival. Moreover in longi­
tudinal sections it was noticed that some grains were 
eliminated by competitive growth of neighbouring grains.
It was proposed that the formation of twins was promoted 
by the stresses set up during solidification of germanium, 
which expands on solidification. Experiments were also 
performed in which the unidirectionally solidified 
germanium was nucleated at two, physically separated 
points. Each region behaved as above, however, where 
the two regions met, a normal grain boundary was observed.
Sakolvitz and B a t c h e l d e r a l s o  observed 
growth twins formed during the unidirectional solidi­
fication of silicon crystals, these, however, were 
not examined in detail. Similar results were obtained 
by Aust et al. and Morris et al.  ̂  ̂ in the
cjolidification of aluminium, the former also noting that 
small amounts of impurity prevented the formation of 
twins. O l i v e r a n d  Clark and C r a i g h a v e  also 
noticed isolated examples of growth twins in zinc and
silver.
In recent research on the morphology and 
crystallography of unidirectionally solidified Al-Si
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eutectic alloys, Day and Hellawell(8l) have shown that 
at high temperature gradients or high growth rates, the 
silicon phase contains {ill} growth twins, separated 
by coherent interfaces. It was postulated, without 
justification, that above a certain total undercooling, 
the localised undercooling, at the solid-liquid interface 
associated with twinned growth is lower than that assoc­
iated with normal growth, twins thus forming by either 
growth accidents on existing surfaces or nucléation of 
growth steps and the formation of twinning dislocations. 
It seems that no special assumption is necessary to 
explain these results since growth twins in pure silicon 
have been found, as mentioned previously. High growth 
rates and high temperature gradients would probably 
result in higher thermal stresses and would therefore 
enhance twin formation,
2,6 CELLULAR STRUCTURE
During the unidirectional solidification of
dilute, single phase alloys, the freezing solid rejects
atoms of the impurity element, so that the concentration
of the impurity element at the solid/liquid interface
is not the same as that of the bulk liquid. Assuming
that diffusion is the only mechanism involved for mixing
(ibl)in the liquid, Rutter- and Chalmers calculated
the solute distribution ahead of a solid/liquid interface
They were then able to specify the liquidus temperatures
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at points in the diffusion zone ahead of the interface. 
Xf the actual temperature ahead of the solid/liquid
interface was lower than the liquidus temperature 
then a zone of constitutional supercooling is developed 
ahead of the interface. It has been shown, both 
qualitatively and quantitatively, that the criterion 
for the onset of constitutional supercooling can be
expressed as:
R \
. ( 7 0 , 1 0 4 , 1 0 9 , 1 40- 1 45)
~ , mC _ .G / __o /1-k \
D  £  \  L- /k (2 . 19)
where G = imposed temperature gradient at the solid/ 
liquid interface
R = growth rate of the interface
C - concentration of impurity ,o
m = slope of the liquidus line 
D = diffusion coefficient 
k = partition coefficient
The development of a cellular structure in 
single phase alloys is based on the concept of con~ 
stitutional supercooling ̂  ? ^. Xf any point on
the planar solid/liquid interface advances ahead of 
neighbouring points into the constitutionally supercooled 
region it will grow more rapidly, because of the greater 
supercooling, and form a dome shaped protrusion which
Fig. 2.11 Development of a 
interface. (70)
cellular
l±Ei 2.12 Typical longitudinal
and transverse sections 
of eutectic cells. (1 9)
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rejects solute both laterally and longitudinally, as 
shown in Fig. 2.11. The accumulation of solute in 
the regions P and Q decreases the equilibrium solidifi­
cation temperature retarding the growth in these regions, 
therefore decreasing the lateral expansion of the pro- 
truberance and resulting in elongated structures. The 
convexity in the regions P and Q will trigger the 
development of new protrusions around the original 
one until the whole of the planar interface is cellular.
In pure eutectics it was initially proposed 
that a constitutionally supercooled zone, ahead of the 
solid/liquid interface, could result from the rejection
f  2)of eutectic components by the pha s e s' y . It was sub­
sequently shown that the phases acted as the main 
"sinks" for the rejected atoms of the eutectic components. 
However additions of impurity elements coupled with 
appropriate solidification rates and temperature gradients
were found to modify the normal eutectic structure and
(l9)result in the structure shown in Fig. 2.12 V . It was 
proposed that this structure was entirely analogous with 
the cellular structure observed in single phase alloys, 
accordingly it was termed "cellular" or "colony" 
structure. Numerous subsequent investigations f on 
eutectic systems having both lamellar and rod-like
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structures have shown the analogy to be c o r r e c t ^  ’
31, 36- 38, 78, 146- 148, 154) •
Most recent research has concentrated mainly 
on the effects of the variables G, R and Co on cell 
size and the individual stages involved in the development 
of cell formation.
Rutter et al. , Bolling and Tiller^1-50^
and Bocek et al.  ̂ -j_n studies of cells in single
phase alloys, noticed that the cell width, a, was a 
function of both G and R so that
a = constant x
GmRn
( 2 . 20 )
where m and n <
Tiller and R u t t e r p r o p o s e d  the following ideas 
in order to explain the observed relation: (a) increasing
solidification rate will decrease the time allowed for 
the solute to diffuse from the cell tips to the cell 
boundaries, the diffusion distance will therefore be 
decreased by decreasing the cell size; (b) the further 
a cell projects into the liquid, the greater will be 
the lateral diffusion gradient of solute and therefore 
the greater will be the lateral diffusion distance and 
the greater will be the cell width. Increasing the 
temperature gradient decreases the extent to which a
cell projects into the liquid (because of a decrease 
in the undercooling) and will therefore decrease the
cell width.
The effects of impurity concentration on the 
cell size of single phase alloys are still a matter of
discussion. Plaskett and Winegard (145) concluded that
cell size was independent of solute content, whereas
both Bocek et al. anc  ̂Coulthard rep Qr± an
increase with solute content and Milosavljevic (^3)
(lU3)reports a decrease. Tiller and Rutterv ' have propos 
that a decrease in cell size with increasing solute 
content should be expected since the increased amount 
of solute in the alloy could be accommodated by an 
increase in cell wall area per unit area of specimen.
The only study of the effects of G, R and Co 
on the cell size of eutectic cells has been conducted 
by Rumball (^5^) on the Al-Zn eutectic system. As for 
single phase alloys, it was found that the cell width 
was an inverse function of both temperature gradient 
and solidification rate, so that
a X + Y ---T (2 .
(GR)
where X and Y are constants. It was also found that 
an increase in the impurity element resulted in a 
decrease in cell size. This was tentatively explained
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on the basis that an increas© in Co increases the degree 
of constitutional supercooling (from equation 2.19).
To relieve this, a shorter lateral diffusion distance 
will be set up, i.e. a smaller cell diameter. In 
addition to this a similar proposal to that of Tiller 
and Rutter was also presented.
(l55 156)Gruzleski and Winegard' y have recently-
observed in detail the development of the cellular 
structure in the lamellar eutectic Pb-Sn. They observed 
that the first "breakdown" of the planar interface 
occurred where a depression existed at the interface. 
Such a depression was caused at the intersection of a 
defect with the interface. Four types of defects were 
described:
(a) Grain boundaries;
(b) fault lines (as described in Section 2.2,3);
(c) growth induced boundaries: these are equivalent
to sub-boundaries in single phase materials; and
(d) container wall.
The first cells were always noticed to form at grain 
boundaries close to the container wall, these gradually 
extended to the centre of the specimen. It was also 
noticed that some cells contained defects which appeared 
to be sub-boundaries. These also led to "nucleation" 
of cells during cellular growth.
68.
Although the development of cells has been 
thoroughly studied in lamellar eutectics, such a study 
has not been attempted in rod-like eutectics.
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SECTION 3
SURFACE AND INTERPACJAL ENERGY - SEGREGATION
It has been established thermodynamically 
that, in any dilute alloy, if the solute element 
decreases the surface energy of the pure element it
(167).will concentrate at the free surface and vice
versa. Numerous investigations have shown this proposal
. . . (173-185,188-191) M ,, (168) ,to be correctv . Mehlv 7 also pointed
out that a similar principle should be applicable to
interfaces separating solid phases. M c L e a n ^ ^ ^  and
Martius and C h a l m e r s proposed that since a certain
lattice disregistry exists at an interface the strain
associated with the introduction of a solute into the
crystal lattice will be less at an interface than in
the bulk of the crystal; solute atoms will therefore
tend to segregate at interfaces. Only a few experiments
have been conducted to verify this assumption, however
in all it was found that segregation of impurity elements
to grain boundaries ̂  ̂ and to low angle boundaries
does occur and results in a decrease in interfacial
energy
The most accurate technique used for measuring 
and interfacial energies is the "Zero Creepsurface
(a)
(b)
Fifi-, 3.1 (a) Influence of bulk
phosphorous content on the 
surface energy of iron.
(b) Influence of bulk 
phosphorous content on the 
grain boundary energy of 
S iron.
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Technique" which is based on the principle of balancing 
a shrinkage deformation due to surface forces by a 
known, externally applied load. H o n d r o s ^ , using 
this technique showed that nitrogen segregation to 
the surface of iron resulted in a decrease in the surface 
energy of the iron. Meyrick^1^0  ̂ and Hondros 
conducted similar experiments with inon-phosphorus 
alloys. It was observed that phosphorus segregated at 
the surface and grain boundaries of the iron. Hondros 
measured both the surface and grain boundary energy of 
the iron and observed a decrease with increasing phos­
phorus contents, as shown in Fig. 3.1. At approximately 
0.4$ phosphorus the curves reach a minimum and steady 
state value. This was assumed to correspond to saturation 
coverage of the surface and grain boundaries with phosphorus. 
From the results the amount of phosphorus present at 
these sites was calculated and expressed as the number 
of monoatomic layers, 0 . For the iron surface 0 was 
found to be 1.2, while for the grain boundaries 0  equalled
0.25. All subsequent research has shown that additions 
of surface-active agents to a pure metal will result in 
decrease in surface energy of the metal to a minimum 
and constant value; however, the rate of decrease of 
energy and the amount of alloy required to give minimum 
energy vary with each alloy. It has also been shown 
that the number of monoatomic layers of solute equivalent
T a b l e  3.1
Amount o f  I m p u r i t y  S e g r e g a t e d  Expressed 
in  T e rm s  o f  a M o n o l a y e r  Fraction _
S y s te m 0  * Reference
Fe-N 1 . 0 (179)
Fe-0 0 . 2 5 (1 8 5 )
Fe-P 1 . 2  > (181)
0 . 2 5
( g r a i n  b o u n d a r y )
Fe-P o .b ( l  80)
C u - S b 0 . 6 (182)
C u - S 1 . 1 (18b)
A g - S 1 . 2 ( l  8b)
* A l l  @ v a l u e s  a r e  f o r  s u r f a c e  segregation 
except where  i n d i c a t e d .
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to minimum surface or grain boundary energy is approximately 
equal to or less than one as shown in Table 3,1. Hondros
(184)and McLean conclude that since 0 has been found
(167)to be approximately equal to one, the Gibbs equation 
gives an essentially correct description of segregation 
in the solid state, since it predicts 0 = 1 .  © values
less than one are to be expected for grain boundaries
j  (169)since not all sites on these are distorted .
No quantitative details of interfacial energy 
for two-phase systems are available and for these it 
must b© assumed that a further chemical term will affect 
interfacial energy and segregation, together with the
. (169)lattice disregistry effect described by McLean .
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SECTION k
SULPHIDE INCLUSIONS IN STEEL
The shape of sulphide inclusions formed during 
the solidification of ferrous alloys is markedly 
influenced by alloying elements, especially those which 
act as deoxidisers in steel. Although numerous investi­
gations have been conducted it is still not certain 
whether the effects are due in some way to the deoxidisers 
themselves or to their influence on the oxygen content 
of the melt. The mechanism responsible for the variation 
in the shape of the sulphide inclusions is also still 
contentious, although it has been widely accepted that 
the variations are due to changes in interfacial energy.
Most investigations of sulphide inclusions,
by electron probe micro-analysis, have found them to be
mixtures of MnS (as the major constituent) and FeS
The issue has, however, become uncertain because of the
(197)results obtained by Kiessling et al. v 7, who reported 
all sulphide types to be MnS with only a very small amount 
of FeS (of the order of 3$, while previous investigations 
report lk-19fo) . A possible explanation of the low FeS 
contents measured might however be that since the reaction 
FeS + Mn MnS + Fe
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has been shown to be favoured by decreasing temperature
(195)and to occur even in the solid state then a lower
cooling' rate would tend to result in pure MnS. Kiessling 
et al. used sand moulds rather than the more common 
cast iron moulds, the former are known to result in 
slower cooling rates and therefore a more pure MnS 
phase is to be expected.
Sims (^^2 j 193) jias grouped sulphide inclusions
found in steels into three types, depending upon their 
shape and the degree of oxidation in the steel:
Type 1 : These occur in steels with oxygen contents
above 80 to 100 p.p.m. and a residual aluminium content 
of less than 20 p.p.m. They seem most common in steels 
where silicon has been the main deoxidant. They are 
large, globular and randomly dispersed.
Type 2 : These are formed when the oxygen content of
the steel is below 80 to 100 p.p.m. They precipitate 
as thin films or envelopes of minute globules on the 
primary grain boundaries^196,197'. They may be produced 
by any strong deoxidisers such as aluminium, titanium, 
zirconium, magnesium or boron, also by silicon in steels 
containing over 1$ carbon.
^ype ^ . These are formed when excess amounts of aluminium, 
zirconium or boron are added to a steel. The inclusions 
e located intergranularly and have been described as
having an irregular, often angular morphology, and 
micrographs show these inclusions to be faceted and 
crystalline.
Sims' ' argues that type 1 inclusions
are probably MnS containing FeS and some oxides of 
iron, manganese and/or silicon. Because of their large 
size and random distribution he proposes that they are 
typical of melts such that the solubility of the sulphides 
is relatively low so that their precipitation begins 
early in the solidification process, i.e. while the 
interdendritic channels are wide and there is considerable 
choice of location for the first sulphides. Because of 
their globular shape Sims proposes that the interfacial 
energy of the sulphide phase is relatively high.
Since it was noticed that the amount of deoxidiser 
required to cause the change from type 1 to type 2 
inclusions depends on the deoxidising power of the 
element (the "stronger" the deoxidiser the less is 
required for the change to take place)^ Sims et al.  ̂^ J 93) 
argue that the transformation is a deoxidation phenomena 
rather than an alloying e1ement effect. It was proposed 
that decreasing oxygen contents resulted in.
(a) an increase in the solubility of sulphur to the extent 
that the last metal to solidify is sulphur rich and 
precipitates on the grain boundaries. Wo experimental / -7 Q O \
evidence exists, however, in support of this assumption ;
(b) lower* the interfacial tension and therefore lower
the dihedral angle which the sulphide phase makes with
the iron phase, causing a spreading of the sulphide phase
(199)along the boundaries of the primary phase v 7 . Van 
Vlack et al. > -^7 > 20l) ^ave sfrown this assumption to
be valid at least for pure FeS in iron: the trend was 
for decreasing oxygen to decrease the dihedral angle of 
liquid FeS in contact with two iron grains. The work, 
however, has not advanced to pure MnS or MnS-FeS mixtures. 
This proposal however is in contradiction with Sims * 
description of type 2 inclusions as sometimes appearing 
as minute globules at the boundaries.
The type 2 to type 3 transition is a gradual 
one, so that sometimes both types are noticed in the 
same steel. The formation of type 3 inclusions has been 
tentatively explained by Sims et al.  ̂ who
suggest that the intergranular sulphur rich liquid breaks 
up into isolated pools, during solidification, because 
of a higher interfacial energy than type 2 sulphides. The 
increase in interfacial energy was attributed to the 
presence of excess amounts of deoxidiser element acting 
as an alloying addition; this assumption, however, has 
no experimental justification, further it does not explain 
the faceted form of the sulphides. Sims also suggests, 
as an alternate proposal, that these inclusions might 
have solidified before the iron and therefore adopted
, ,i±ne shape of MnS. Additions of aluminiumthe crystalline




which were assumed to be some of the impurities in type 1 
inclusions, and therefore resulting in an increase in 
the melting point of the sulphide phase. This argument 
does not consider FeS, which was originally assumed and 
shown to be the main "impurity" in the sulphide inclusions. 
Furthermore it makes the assumption that MnS solidifies 
from the melt in a faceted form, this has as yet not been 
experimentally determined. If the proposal is taken as 
correct it also does not explain why type 3 sulphides are
found to be intergranular.
Karmazin^^^ outlines a completely different 
explanation to that of Sims for the formation of type 
3 sulphides. He argues that the nucleation of the sulphides 
is of major importance in determining the habit of the 
inclusions. The nuclei, which must have a certain minimum 
critical radius to be effective, must also be isomorphous 
with the sulphide phase. It was proposed that in silicon 
deoxidised steels, FeO and MnO fulfil these requirements 
(FeO, MnO and MnS all have f.c.c. structures), an early 
precipitation will therefore occur resulting in large, 
random, globular type 1 sulphides. ¥hen small amounts 
of aluminium or zirconium are added, A l ^  or Zr02 
particles are formed. These, however, are too small to
erve as active nuclei and the sulphide will precip
initate
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in the last portion of the melt to solidify and result 
in type 2 inclusions. For excess aluminium additions, 
the Al^Oj particles become large enough, to act as nuclei 
to the sulphide phase which grows faceted, since it is 
directly influenced by the hexagonal symmetry of the 
Al~Oq phase. This results in type 3 inclusions, 
ho experimental evidence exists to support this proposal. 
Furthermore no explanation was given as to why the sulphide 
phase should grow faceted only when nucleated by A1^0^ 
and not when nucleated by FeO or MnO.
From the above discussion it is apparent that 
no conclusive proposal has been made explaining the 
formation of type 3 inclusions. However both Sims and 
Karmazin assume that aluminium (or zirconium) directly
influence their formation.
Although the most commonly considered sulphides
in steel are those which solidify from the melt, various 
recent researchersC204"207) have shown that MnS -inclusions 
may form by precipitation in the solid state, which results 
from a decrease in the solid solubility of sulphur m  the 
steel with decreasing temperature. These particles
• •+. 4-̂  on / 100 ] planes in the austenite and haveprecipitate on i
a Widmanstatten structure. The -inclusions- were analysed
gs oC MnS oontaining approximately 23 wt.$ FeS in solution
Fe304
Fig. 4.1 (a) Liquidus surfaces in the 
system Fe-S-O. (2 0 9)
(c)
Fig. U.l(b & c) Diagrams showing difference 
in solidification behaviour of 
Fe—S—O alloys with varying oxygen 
to sulphur ratios.
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T h e  p r e c i p i t a t e s  w e r e  n o t  o b s e r v e d  i n  s t e e l s  c o n t a i n i n g  
m o re  than 0 . 7 $  Mn, s i n c e  h i g h e r  c o n t e n t s  d e c r e a s e d  th e  
maximum s o l i d  s o l u b i l i t y  o f  s u l p h u r  t o  s u c h  an extent 
that n e g l i g i b l e  s u l p h u r  r e m a i n e d  f o r  p r e c i p i t a t i o n .
The detailed formation of inclusions in pure 
iron-sulphur-oxygen alloys is also pertinent to the 
present work and the following discussion follows Crafts 
and Hilty^208  ̂ and Sims and Porgeng^211^ .
F i g .  4 . 1  shows the l i q u i d u s  f a c e s  i n  t h e  
s y s t e m  F e - S - 0 ^ 2 0 ^ .  F o r  a h i g h  oxygen to s u l p h u r  r a t i o ,  
as shown b y  p o i n t  A i n  F i g .  4 . 1 ( b ) , t h e  s o l i d i f i c a t i o n  
s e q u e n c e  i s :  a t  p o i n t  A, on t h e  l i q u i d u s  s u r f a c e ,  c r y s t a l s
o f  r e l a t i v e l y  p u r e  i r o n  f o r m  a nd g r o w  w i t h  d e c r e a s i n g  
t e m p e r a t u r e ,  t h e  c o m p o s i t i o n  o f  t h e  l i q u i d  f o l l o w i n g  
l i n e  1 u n t i l  t h e  m i s c i b i l i t y  gap i s  met a t  p o i n t  c .
Here droplets of an oxide—rich liquid, with an initial 
composition d, begin to precipitate from the melt. Both 
solid metal and oxide-rich liquid continue to separate, 
their compositions changing from c to f and d to g 
respectively, until at f virtually all of the metal is 
solidified. The entrapped oxide-rich liquid then changes 
its composition from g to h by precipitating some iron.
At h simultaneous precipitation of FeO and Fe begins, the 
FeO rich liquid becoming progressively richer an FeS
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along- the line hE. At E solidification is completed 
by the freezing of a liquid of ternary eutectic composition. 
The resulting inclusions are randomly distributed and 
are mixtures of oxides and sulphides (commonly known as 
duplexed oxy-sulphides) .
For an alloy with a low oxygen to sulphur ratio, 
as shown by point B in Fig. 4.1(c) : at point B, on the 
liquidus surface, two liquids are formed one of which 
is metal—rich and is of composition i, and the other is 
oxide-sulphide rich and is of composition j. With 
decreasing temperature the metal—rich liquid precipitates 
iron and changes in composition from i to k, simultaneously 
the oxide—sulphide liquid changes into composition from 
j to 1. Further iron is then deposited from the remaining 
liquid, which changes its composition from 1 to m along 
line 2. At m precipitation of the sulphide eutectic 
begins. The remaining liquid follows the line from 
m to E, at which point some liquid of ternary eutectic 
composition finally solidifies. The resulting inclusions 
are both globular, within the grains, and film-like
at the grain boundaries.
For a very low oxygen 
sh o w n  b y  p o i n t  C in Fig. 4 . 1 ( c ) ,  
t h e  miscibility g a p ,  the s
to sulphur ratio, as 




C freezing of the pure metal begins, the metal being 
in equilibrium with a sulphide rich liquid. With 
decreasing temperature the composition of the liquid, 
enveloping the iron crystals, changes from C to n along 
the line 3« At n most of the liquid solidifies as 
Fe-FeS eutectic. As the temperature is further decreased, 
the remaining liquid changes In composition from n to 
E, at which point a liquid of ternary eutectic composition 
solidifies. The inclusions are therefore entirely 
intergranular consisting of sulphide-metal eutectic with 
a small amount of ternary eutectic.
The above proposals make no reference to the 
possibility of obtaining faceted iron sulphide inclusions 
in Fe-S-0 alloys.
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S E C T IO N  5
EXPERIMENTAL APPARATUS AND PROCEDURES
5. 1 I N T R O D U C T I O N
The iron - iron sulphide eutectic alloys were 
prepared from electrolytic iron flake reacted with high 
purity sulphur. Alloys containing variable oxygen 
contents were obtained by prior deoxidation of the 
iron, with hydrogen, in either the solid or liquid 
state.
5.2 PURIFICATION OF STOCK IRON
- The electrolytic stock iron flakes were 
analysed both spectrographically and by vacuum fusion 
analysis. Table 5-1 shows the analyses obtained.
The stock iron was purified, with respect 
to oxygen, using a similar technique to that adopted
by F a s U 212  ̂, Hopkins et a l U 21"^and Rengstorff and 
G o o d w i n i n  their purification of iron, m  both
liquid and solid states, with dry hydrogen.
The equipment used is shown schematically
The metal-holding crucible, g, was made 
crystallised alumina and contained approxr 
f stock material. The crucible was 
, ._ _ A  H5 mullite or a recrystallisedcontained m  a
i n  F i g .  5* 1
from pure re< 
m a t e l y  5° o:
Table 5.1


















0 . 0 0 0 2
0 . 0 0 0 1
0 . 0 0 1 0
0 . 0 0 2 0




0 . 0 0 1 0  
0 . 0 0 1 0
= 0.0235$
= 99.9765$
= 99.9907$ + oxygen content
The following elements were also tested for but were not 
detected: arsenic, beryllium, chromium, cobalt, hydrogen,
lead, magnesium, mercury, nitrogen, silicon, tantalum, 
tungsten, vanadium, zinc and zirconium.
. „„ iron was of type A-104 Glidden and was obtained
* Th® midden Company, United States of America,from ine
Appa ra tu s  f o r  the  pu r i f i ca t ion  of
stock materials
Pig. 5.1
Caption to Fig. 5.1
a. Temperature indicator.
b. Pt-Pt/l3foRh thermocouple.
c. Bubbler for escaping gases.
d. Recrystallised Al^O^ thermocouple sheath.
e. Copper, water cooling coils.
f. Furnace refractories: Ml-28 bricks and Kao-wool 
blanket.
g. Recrystallised Al^O^ specimen boat.
h. Mullite reaction tube.
i. SiC "hot-rods".





p. 3 - "way tap.
q . Copper Kieselguhr tower: wound with Tii.ciix'ome
wire and operated at 200 C.
r. Calcium chloride.
s. 2 - way taps.
t Furnace containing copper filings : wound with
nichrome wire and operated at 450 C.
u . V a r i a c .
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alumina reaction tube, h. The required temperatures 
were obtained by using four Crystalon "hot rods”, i, 
placed at even intervals around the reaction tube and 
at a distance of ■J” from the tube. The rods were 
interconnected to give a resistance of 5*22-H- at 1100°C 
and 7.32_m at l600°C and required from 20 to 25 amps 
at 200 volts to give the temperatures used in the 
experiments. The temperature of the Crystalon rods 
was maintained at approximately 700°C between runs, 
thus lengthening their service life and also allowing 
reaching of set temperatures in shorter times. The 
insulation was supplied by one, thick, layer of
Ml-28 refractory bricks together with a layer of 1" 
thick, high temperature, "Kaowool" blanket, placed on 
the inside of the bricks. Temperature surveys of the 
reaction tube showed an even temperature hot zone,
+ 5°C, of no less than 1-J times the length of the
alumina crucibles (10 to 11 cms) .
The technique consisted of placing the crucible, 
containing the metal, into the hot zone of the reaction 
tube. On sealing the apparatus any air contained within 
it was purged by passing a stream of purified argon gas 
through the system at an approximate rate of 5 ocs/sec, 
simultaneously increasing the furnace temperature.
to ten minutes the Argon flow was stopped After five ^
and a continuous stream of purified hydrogen gas allowed
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to pass over the specimen, at a rate of 10 ccs/sec, 
through the bubbler, c, and out to the atmosphere. The 
bubbler served both as an indication of the gas flow 
and as a barrier to atmosphere intake by the apparatus 
during gas switchover.
The purification system for the gases is 
shown schematically in Fig. 5* !• The time taken to 
reach set temperatures varied from 4 to 6 hours, during 
which time care was taken to maintain a constant flow 
of hydrogen, since with increasing temperature the flow 
rate of hydrogen decreases markedly for a constant inlet 
valve setting. At the conclusion of a run, the temperature 
of the furnace was slowly decreased to 700°C, over 3 
to 4 hours. On reaching 700°C the hydrogen flow was 
stopped, purified argon gas readmitted to the system 
and the purified metal was kept at this temperature, 
for 1 hour, to eliminate, by diffusion, hydrogen contami­
nation of the sample. Following the lower temperature 
treatment the alumina boat was slowly retrieved from the 
furnace's hot zone, by means of a tungsten wire, and 
allowed to cool, before removal from the sealed apparatus, 
to reduce the risk of surface oxidation. The purified 
metal was stored in an evacuated dessicator until required.
The "pure" metal samples thus produced were 
lysed for oxygen by Vacuum Fusion Analyses after, if
aary having been lightly polished to eliminate any 



















small alumina particles attached to their surface and/or 
any oxide surface films. A complete list of purification 
runs details together with analyses is given in Table
5.2 Each oxygen result is an average of at least four 
analyses. The range of oxygen contents of any one sample 
was within + 2 p.p.m. of the quoted values.
To obtain oxygen contents below approximately 
35 p.p.m., within reasonable times, it was found necessary 
to melt the iron; for example, at a temperature of 
1b80°C and a reaction time of 5 days, the obtained 
oxygen content of the iron was 35 p.p.m.
5.3 PREPARATION OF EUTECTIC ALLOYS 
5.3.1 Iron-Sulphur Alloys
The iron used has been described in the previous 
section. The sulphur was of high purity grade, containing 
0 .01$ non-volatile matter as the only known impurity.*
The iron and sulphur were weighed in eutectic 
proportions^21^ 21^  ; approximately 20 gms. of iron and 
the appropriate amount of sulphur were used in each pre­
paration run. To react the iron—sulphur mixtures, these 
were vacuum encapsulated in silica tubing under a pressure 
of 10”^mm. of mercury. Prior to the introduction of
* The sulphur was obtained from Carlo Erba, Italy.
Fig. 5•2 Preparation capsule and temperature profiles within
preparation furnace.









Temperature profiles within furnace tube 
at various set temperatures.
Boiling point of sulphur (444.6°C). 







materials, the silica tubing- was heat treated for one hour, 
at 750 C, under vacuum to eliminate gases adsorbed on 
its surface. The capsules were of special design, as 
shown schematically in Fig. 5*2. The capsule is shown 
inclined at an angle of about 20° with the horizontal 
since it was within a furnace tube also inclined at an 
angle of 20° with the horizontal. The aim of the adopted 
capsule and furnace design was to maintain a low sulphur 
vapour pressure inside the capsule**, simultaneously 
keeping the metal at high temperatures; this being essential 
for reasonably fast reaction rates. The sulphur, in the 
bottom of the capsule, was accordingly kept in the liquid 
state (at a maximum temperature of 445°C), this assured 
the maintenance of a sulphur vapour pressure of less than 
one atmosphere. The technique also served as a means of 
purifying the sulphur by distillation, (non volatile matter 
making up the bulk of the impurities present).
The metal-sulphur reaction occurred by evaporation 
of the sulphur and its transfer to the iron. A vertical 
furnace was not used since it was found that the first 
metal—sulphur alloy produced tended to plug up the 
constriction in the capsule thus hindering the further 
passage of sulphur vapour. Since iron sulphide expands
In the preparation of any metal sulphur alloy 
taken not to expose sulphur, sealed "* * Note•m r e  should he ---  - . . . .to temperatures above its boiling point
developed at
m
% 22P6°cf’owinrto“ti^ léége pressures  such 
températures and therefore the possibility of violent
explosions•
with decreasing temperature it was also found that the 
alloy "plug” cracked the capsule, upon cooling, and led 
to contamination of the sample.
The furnace used consisted of 18 s.w.g. Kanthal 
A-l coiled wire evenly spaced, at 1 cm. intervals, along 
approximately 700 mm. of a 50 mm. X.D. , 59 nim. O.D. and 
900 mm. in length recrystallised alumina tube. For 850°C 
the wire required approximately 9*2 kilowatts (l60 volts 
5.75 amps) and for 750°C required approximately 7-2 kilowatts 
(lUO volts 5.15 amps). To decrease the amplitude of the 
temperature fluctuations obtained when using an 0N/0FF 
temperature controller, a variable resistor (l0.8 -/l- j 
8.5 amps) was connected in parallel with the controller 
and set so that 80^ of the power passed continuously into 
the furnace, while 20^ of the power was used for control 
purposes. Such a circuit decreased temperature fluctuations 
from +15°C to +5°C. Temperature measurements within the 
furnace tube resulted in the curves shown in Fig. 5. 2.
The temperature gradients necessary to maintain the 
temperature difference between the iron and sulphur were 
obtained by 9 coils of water-cooled, copper tubing
situated at the sulphur-end of the furnace tube. The 
quoted furnace tube diameter made possible the heat 
treatment of up to three capsules at any one time.
The temperature in the furnace's hot zone was
set at 900°C, ensuring no melting of the alloy, which
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could possibly lead to "plugging up" of the capsule's 
constriction. With these conditions complete reaction 
between the iron and sulphur occurred within 5 to 6 days. 
Completion of the reaction could be easily judged by inspec­
tion and was subsequently checked by weighing the final 
alloy and by x-ray powder diagrams. At the end of each 
run, the capsules were withdrawn from the furnace's hot 
zone and quenched in water. The alloys were stored in 
evacuated dessicators. Some hypo-eutectic and hyper­
eutectic alloys were also prepared using the same 
technique.
Wo analytical method is available to determine 
accurately low oxygen contents of alloys containing high 
proportions of sulphur. Accordingly, the oxygen contents 
of the alloys were calculated assuming that the sulphur 
contained no oxygen and that no oxygen contamination 
occurred during the preparation of the alloys ; this was 
established by carrying out a number of "dummy" runs in 
the absence of sulphur, as discussed in more detail in the 
following section.
Ten alloys, representing the range of oxygen 
levels studied, were analysed using x-ray powder diagrams. 
The alloys were ground to 0-125/t and mounted on glass 
fibres. The patterns were obtained using MoKrf radiation 
. e7 3 mm. camera. A typical pattern together with 
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e. ; Drive shaft.
f. Brass bearings supporting drive shaft.
g. Microswitch.
h. Buggy carrying furnace.
i. Furnace.
j. Steel tracks.
k. Silica reaction tube.
l. ¥ater cooled copper tubing.
m. Reaction tube stands.
n. Silica stand for capsules.
o. Silica capsules.
p. Mullite heating tube.
q. Kanthal strip winding.
r. Shaft/buggy disconnecting lever.









For comparison the "d" spacings, obtained from the
A.S.T.M. file, for iron, Fe S (a=3.43A°, c=5.68A°)
-L — X
and FeS (a=5«958A°, c=ll.r/b3A°) are also given. The
results show the iron sulphide to be Fen S, with an1—x
atomic composition of iron of b3-bb(fo(217)
5.3.2 Tin-Zinc Alloys
Table 5»3 shows analyses of both metals, as
supplied by the producer*.
Because of their high purity, no initial
preparation of the metals was necessary. The metals were
(215,216) ,weighed in eutectic proportionsK and were encap­
sulated directly in their solidification capsules, as 
described in the next section.
5.4____ UNIDIRECTIONAL SOLIDIFICATION OF EUTECTIC ALLOYS
The alloy melts were unidirectionally solidified 
in the apparatus shown schematically in Fig. 5 »3» The 
process consisted of withdrawing a furnace, with a constant 
temperature gradient, at a selected speed from a capsule
containing the alloy melt.
The selected horizontal movement of the furnace
(i) was achieved by connecting the buggy holding the furnace 
(h) to a threaded steel shaft (e), supported by brass_______
* The tin and zinc were obtained from Johnson Matthey 
Chemicals Limited.
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bear*!ngs (!) , by means of a 2" long brass nut. This 
assembly was connected to the drive mechanism by a 
horizontal pin which could be withdrawn by means of the 
lever (r) , thus making manual movement of the buggy 
possible. The shaft was driven by a motorised gearbox 
(b) , of £ horsepower, coupled with a further reduction 
gearbox (d) of gear ratio 36400:1. The drive shaft was 
threaded over 50 cms. of its length with a 0.25" pitch 
square thread; for this pitch the gearbox assembly allowed 
a continuously changeable horizontal travel speed of the 
buggy and furnace, of from 5 cms./hr. to 0.4 cms./hr.
Tn order to obtain slower speeds the pitch of the threaded 
section of the drive shaft was decreased to l/l6", a 
V-thread being used, this allowed a minimum speed of 
0.1 cm./hr. to be achieved. For the smaller thread a 
full, buggy/shaft connecting nut had to be used in order 
to eliminate any possible slipping, while for the larger 
thread a half nut was found to be sufficient. As a 
safeguard against the possible over-running by the connecting- 
nut of the drive shaft's thread a micro-switch (g) , 
connected to the drive motor and activated by the moving
buggy;was used.
The solidification furnace unit consists of a 
mullite tube of dimensions 900 x 57 x 6l mm.(p) wound with 
Kantha1 A-l strip (q) along a central distance of 50 cms. 
Kanthal strip was of dimensions 3/l6" x 0.015" andThe
~ T ~





















01 cms apart 
10 turns
57 cms.  
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■--------------------------------------------------------------- c m ».
T o t a l  L e n a t h
90 cms.
Fig. 5 .k Winding pattern for solidification furnace (lower
temperature gradient).




















































Caption to Fig. 5.5
A. Gradient at 988° C
B. Gradient at 988°C
C. Gradient at 988°C
D. Gradient at 199°C
1A. Gradient at 988°C
2A. Gradient at 988°C









approximately 45 ft. were used to give a resistance of
11.0 -T2_ at 20 C and 11.5 at 1300°C. The winding pattern
used is shown schematically in Pig. 5.4. The strip was 
insulated by a ij-" layer of baked alumina cement, and 
further by alumina powder and by aluminous refractory 
bricks. To obtain temperature gradients, within the reaction 
tube (k), of up to 50°C/cm., 10 turns of watercooled,
copper tubing were tightly wound around the ends of the 
heating tube. The flow of water through the tubing 
was maintained at a constant rate of 1 litre/minute.
During each solidification run the temperature of the 
capsule, containing the alloy, was measured by means of a 
calibrated Pt/Pt-13$ Rh thermocouple connected to a 
temperature recorder. The thermocouple bead was placed 
close to the surface of the capsule on the stand (n).
Typical measured temperature profiles are shown in Fig. 5-5«
It is seen that although the maximum temperature gradient 
obtained at 988^C (the melting point of the eutectic) was 
50°C/cm., lower temperature gradients could be obtained by 
decreasing the set temperature of the furnace tube's hot 
zone: curves 1A, 2A and 3A in Fig. 5.5 show a decrease m
gradient of from 50°C/cm. to 8°C/cm. as the set temperature
is decreased from 1100°C to 1000°C. ^
To obtain temperature gradients higher than 50°C/cm
a watercooled, copper tubing, cooling coil was placed between
L  heating tube and the reaction tube, in contact with the
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p-----------------------—  du cms
T f t l a l  1 « n n t h ____________ _ _______
90 cms
Fig. 5* 6 Winding pattern for solidification furnace (higher
temperature gradient).
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gradient of the furnace the cooling coil had to be situated 
in the zone between the centre and the end of the heating 
coil, the closer to the former the higher the temperature 
gradient obtainable as shown in Pig. 5.5; curve A is the 
temperature profile of the furnace with no inner cooling 
coil, curve B is the profile with the cooling coil 24 cms. 
from the centre of the furnace and curve C is the profile 
with the cooling coil 20 cms. from the centre of the furnace. 
As a safeguard against possible water failures, the water 
circuit supplying the inner cooling coil was fully recircu­
lating, a 5 ft. head of water resulting in a flow rate 
of 1 litre per minute. To obtain temperature gradients 
as high as 100°C/cm. a smaller heating tube than the one 
described above was also found to be necessary and a mullite 
tube 900 mm. in length and 32 mm.I.D. was used. Since the 
smaller heating tube led to a decrease in the maximum 
length, and therefore resistance, of Kanthal tape able to 
be used and since the inner cooling led to considerable 
heat losses a different type of heating element and a 
different winding pattern was found to be necessary to be 
able to reach temperatures of the order of 1200°C in the 
centre of the heating tube and still be below the maximum 
permissible power load of the beating element. Kanthal A-l, 
18 s.w.g., wire was wound around tbe beating tube in a 
pattern shown schematically in Fig. 5.6. 90 ft. of wire,
of total resistance 3 ^ - ^  at 20°c and 25.4_£i- at 1300 C,
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were used in the construetion.
The silica capsules containing the eutectic 
melts rested on a long silica stand (n) which served first 
as a safety base in case of melt spillage and secondly 
as a means to position the capsules within the reaction 
tube (k) , within which the capsules and stand rested. The 
reaction tube was supported horizontally by stands (m) 
clamped on the table, care was taken in the aligning of the 
reaction tube so as to allow free horizontal movement of 
the furnace tube over it. To decrease any possible 
vibration of the specimen, through motor vibration at 
higher speeds, thick rubber padding was placed between the 
reaction tube and the stands at the "holding joints".
The power input circuit consisted of a temperature 
controller (v) of accuracy +5°C at 1200°C, the tip of the 
controlling Pt/Pt-13% R*1 thermocouple (z) being positioned 
just touching the baked alumina cement insulation covering 
the Kanthal strip, at the centre of the heating furnace, 
the thermocouple was also allowed to swing freely during 
the movement of the furnace. A variable resistance 
(10.6-rt- and 8.5 amps), (w) was connected in parallel to 
the controller’s positive input and output leads so that 
instead of having intermittent input current fluctuations, 
i e ON/OFF, the input current was continuous with fluctu­
ations of from 1 0 0 * to 80$. The controller was further
ted to a variac (u) allowing still finer control ofconnec
Table *5.4
Analyses of "Dummy" Solidification Runs
Metal Temperature Time Initial Analysis Pinal Analysis
/°c) (hrs.)______ (p.p.m. ) (p.p.m. )
' ' Oxygen Silicon Oxygen Silicon
Iron 1220 20 25 0 24 0
Iron 1220 bo 25 0 25 0
Iron 1220 100 25 0 25 0
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the input power to the furnace.
For the solidification runs the eutectic mixtures
were double encapsulated in silica tubing under a pressure 
-3of 10 mm. of mercury in both capsules since it was found 
that often single capsules cracked upon solidification 
leading to oxidation of the melt. All of the silica 
tubing was heat treated at 750°C for one hour under vacuum 
prior to sealing off in order to eliminate possible adsorbed 
water vapour on its surface. Two sizes of specimens were 
used; 5 mm. diameter by 100 mm. in length, and 8.5 mm. 
diameter by 100 mm. in length, all of the specimens solidi­
fying in the shape of the silica tubing. In order to determine 
whether the melts retained their purity especially with 
respect to oxygen and silicon contents, "dummy” solidifi­
cation runs were conducted using purified iron, under the 
same conditions as for normal runs, oxygen and silicon 
analyses of the starting and end materials are given in 
Table 5.4. It is seen that no increase of these impurities 
occurred. To homogenise the mixtures prior to a run, all 
of the melts were left in the central furnace zone at a 
temperature of 200°C to 250°C above their melting points for
four hours.
Twenty unidirectionally solidified alloys, 
covering all experimental conditions, were analysed by 
x-ray powder diagrams, as described in the previous section.
i results are shown in Appendix 4. The iron sulphide 
Sample re&u.-*-
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was Fe1_xS with aQ=3.43A° and C o=5.68A°.
The Sn-Zn eutectic mixtures were treated as the 
Fe—Fe^__^S mixtures except in that single encapsulation in 
silica was found to be satisfactory, the alloys contracting 
upon cooling. The furnace design shown in Fig. 5 • ̂  was 
used for solidification of the alloys. At a set temperature 
of 850°C, this resulted in a temperature gradient of 
approximately 50°C/cm. shown by the temperature profile 
D in Fig. 5 • 5.
5.5 PREPARATION OF LOW SULPHUR, IRON INGOTS
3 Kgm. ingots with the following compositions 
were prepared :
(a) Iron with low (l0-20 p.p.m.), medium (jO-UO p.p.m.), 
and high ( 80 p.p.m.) oxygen contents, containing FeS 
inclusions.
(b) Iron with low, medium and high oxygen contents, containing 
MnS inclus i ons.
(c) Iron with low oxygen contents, containing FeS and MnS 
inclusions, and aluminium added in quantities greater than 
required for complete deoxidation of the iron.
The high purity iron was melted in a vacuum 
induction melting furnace and was carbon deoxidised by 
surface evaporation of C 0 (2l8’219), careful additions of
bon resulting in a final analysis of less than 100 p.p.m.
Oth r alloyi^éT elements were added to the molten charge
Table 5 .5
Analyses of Iron Ingots
Series Ingot ANALYSIS (Percentage)
No. C Mn S A1 Oxygen
(a) 1 0.004 0.0020 0.102 0.0020 0.0009
2 0.003 0.0020 0.092 0.0020 0.0032
3 0.007 0.0020 0.094 0.0020 0.0097
(b) b 0.005 0.3 4 0.090 0.0020 0.0008
5 0.004 0.33 0.108 0.0020 0.0030
6 0.006 0.33 0.101 0.0020 0.0095
(c) 7 0.004 0.0020 0.097 0.150 0.0002
8 0.005 0.31 0.099 0.170 0.0002
The following elements were also tested for but could not be detected: 
phosphorus, silicon, nickel, chromium, molybdenum and copper.
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after* completion of the deoxidation process. To produce 
FeS inclusions, synthetic PeS, prepared as described in 
Section 5 .3> was added to the iron melts in amounts aiming 
at a final analysis of 0.1 wt. ̂  sulphur. The MnS inclusions 
were produced by additions of PeS and high purity, electro­
lytic manganese (99•99%) free of surface oxide. In order 
to insure complete sulphur reaction, sufficient manganese 
was added to result in a Mn/S weight ratio = 3 ^ ^ ^  •
High purity aluminium (99*99%) was added together with 
PeS and (PeS and manganese) in the ingots of series (c) .
To allow thorough stirring of the melt, this was kept at 
approximately 15^0°C for 15 minutes after the addition of 
the alloys. The melt was then cast into cast iron moulds 
and allowed to cool to room temperature. Throughout the 
whole process a pressure of 10 was maintained. The
solidification time of the ingots was approximately 60 
seconds. Analyses of the stock iron and the final iron 
ingots are given in Tables 5.1 and 5.5 respectively.
5. 6____ ANNEALING EXPERIMENTS
Annealing of eutectic alloys was conducted to 
determine the stability of the eutectic micros truetures at
high temperatures.
The annealing apparatus was similar to that 
j in Section 5*3 except in that the furnace tubedescribed n-1 ^ ^
. horizontally. The temperature was maintained at 
was set LX
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950°C (+5°C) for times of 100, 200 and 250 hours. The
unidirectionally solidified samples were first polished 
and the microstructure present observed, they were then 
encapsulated in pre-annealed silica tubing under a pressure
_3of 10 mm. of mercury. Both longitudinal and transverse 
sections of the following ingots were annealed: 5.3, 5.9,
8.2, 20.3? 9*7? 16.2, 16.6 and 16.1 (for solidification 
details refer to Appendix 6). The above ingots are repre­
sentative of the complete range of microstructures observed 
in the eutectic alloys, i.e., cellular, cylindrical iron 
r o d s, hexagonal iron rods and plate-like iron rods. On 
completion of the runs, the samples were furnace cooled 
in order to minimise cracking in the iron sulphide phase.
5.7 METALLOGRAPHIC TECHNIQUES
5.7.1 Iron - Iron Sulphide Eutectic Alloys
Transverse and longitudinal sections were cut 
from various positions along the specimens using a jeweller’s 
saw. Care was taken to make the longitudinal sections as 
nearly parallel to the solidification direction as possible. 
All samples were mounted in a cold setting, epoxy resin.
Minimum time was spent polishing on wet, SiC 
papers since deep pitting of the iron sulphide occurred 
if polishing was prolonged. A wax lap, charged with -600
affpctively removed any larger pits, but a good alumina, ezxecoj. y
,ra_ oniy obtained after prolonged polishing on surface was oxixy
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b-8yU and O-lyU. diamond paste (l0 minutes on each) .
The 0—lyOt scratches were completely removed by polishing 
on a vibratory polisher, using a slurry of 0.05y^ alumina 
powder, kerosene and shaving cream, for 6-12 hours. The 
shaving cream allowed a much freer movement of the specimens 
over the polishing cloth and slurry. Ethylene glycol is 
commonly used as a lubricant when polishing on a vibratory 
polisher, in the present case, however, it could not be used 
because of its staining action on the specimens.
For examination in the light microscope the 
specimens were left unetched, for better contrast between 
phases, however, high contrast negative films and printing 
papers and a yellow incident light filter were used in all 
photography. Both normal and polarized light were used.
For electron microscopy the specimens were etched in 5$ HC1 
in alcohol for 15 seconds, in order to obtain relief of 
the iron rods from the iron sulphide matrix. A two-stage, 
cellulose acetate/carbon replica method was used. To 
increase the contrast between phases, the replicas were 
shadowed from 30 with 60 gold/bO palladium alloy.
Peep Etching of eutectic samples was conducted 
to examine the structure of the iron rods. In the analysis 
of sulphide inclusions two reagents have been used: alkaline
picrate and alkaline permanganate^20^  Xn the present 
experiments a modified version of the former was found
„ - for dissolving the iron sulphide phase, with nosuccessful
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noticeable effect on the iron phase. The solution was 
made by dissolving 25 gms. of sodium hydroxide in 75 c.c.s. 
of1 distilled water, heating to near the boiling point and 
adding 2 grams of picric acid in 25 c . c . s. of distilled 
water. Immersion of the samples in a fresh, boiling 
solution for 1 - 2  hours etched the iron sulphide matrix 
to a depth of 2 - 3  inter-rod spacings.
5.7.2 Tin - Zinc Eutectic Alloys
Sections were cut from the solidified ingots 
as for the iron - iron sulphide alloys.
Polishing procedures were normal, i.e. through 
wet SiC papers, down to 600 ̂  , then k - 8 ^  and 0-1/*- 
diamond paste. The final polish was carried out in a 
vibratory polisher, using a slurry of 0.05/^* alumina 
powder, ethylene glycol and shaving cream, for 4 — 6 hours.
All specimens were etched in 1^ Nital for 10
seconds.
5.7.3 Low Sulphur, Iron-Sulphur Alloys





Some specimens contained large inclusions. 
were first ground on wet SiC papers, through to 
and then polished on 4 - 8 ^  and 0 - 1 ^  diamond 
(approximately 10 minutes on each). The final
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polish was applied using a vibratory polisher containing 
a slurry of 0 . 0 5 alumina powder, kerosene and shaving 
soap. Observation in the light microscope was as for the 
iron-iron sulphide eutectic alloys.
Most specimens contained small sulphide inclusions 
which were rounded by polishing on fine diamond paste.
These specimens were polished for short times (l to 2 
minutes) on 4 - 8 diamond paste and were then etched in 
5$ Nital for 10 seconds. This solution served as a 
chemical polish and caused relief of the sulphide inclusions 
from the iron matrix. The technique used for electron 
microscopy was as for the iron—iron sulphide eutectic alloys.
5.8 MEASUREMENT OF INTER-ROD SPACINGS AND FAULT DENSITIES
Measurements of inter-rod spacings were made 
on photographic negatives of transverse sections at a 
magnification of x500, after correcting for film shrinkage. 
This correction was made using a negative of a standard 
slit (l0.0 mm. at x5 0 0), with a standard processing 
procedure for all negatives. All inter-rod spacings were
determined as the mean of 1 5 0 measurements.
In transverse sections, most of the iron rods
lay in a close packed hexagonal array, and a fault is
_  ̂ either the absence of a rod or an additional defined as
■ the array. To measure the fault density negatives 
f transverse sections (x500) were used. The hexagonal
outlined on these and the faults in an areaarray was
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30 m.m. x 30 m.m. (actually 0.1 m.m. x 0.1 m.m.) were 
counted.
5 . 9 ORIENTATION DETERMINATION
3,9.1 Orientation Determination of Iron Sulphide
The orientation of the iron sulphide crystals
(221)was determined using the back-reflection Laue methodv .
Metaliographically prepared longitudinal sections were 
mounted vertically so that the solidification direction 
was parallel to the marked Worth-South direction of the 
film. The polished surface of the specimen was normal to 
the incident x-ray beam and 3 cm. from the film. The 
specimens were aligned using a 1Ox ocular eyepiece containing 
crosshairs, the estimated accuracy being approximately +3°.
The specimen holder allowed both vertical and horizontal 
movement of the specimen. Considerable fluorescence 
occurred at the centre of the photograph making detection 
of spots in the region impossible. The fluorescence was, 
however, markedly reduced by a sheet of aluminium foil,
0.005” thick, placed on the film. With this arrangement 
exposure times of approximately 12 hours were required.
The Laue spots were plotted on a stereographic projection 
and analysed as described by Barrett^* 221^  using a calculated
table of angular relations for hexagonal iron sulphide
... c/ = 1.656 (Appendix 9). with /
To determine the crystallographic significance
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of the faceted iron/iron sulphide interfaces observed in 
some samples, the poles of the indexed planes in the stereo­
graphic projection with the longitudinal sections as the 
projection plane were rotated through 90° about the 
East-West direction to give a projection with the transverse 
section as the projection plane. Corresponding transverse 
sections of the specimens were prepared metallographically 
and the directions of the facets were measured using the 
calibrated stage of a microscope. Since the iron rods 
were accurately parallel to the growth direction, the 
above measurements made it possible to plot the poles of 
the interface planes into the stereographic projection 
and thus determine the orientation of the facets with 
respect to the sulphide matrix.
To observe the orientation of the iron sulphide 
at various positions from its point of nucleation along 
the growth direction, the sample was repeatedly masked, 
at approximately 1 mm. intervals, with a litharge—glycerine 
paste.
5.9.2 Orientation Determination of the Iron
Iron spots could not be detected in any of the 
Laue patterns obtained above presumably because they were 
masked by the very large number of intense spots due to
i in-iHe Accordingly oscillating crystal and rotationthe sulphrae.
thods were attempted, the former being favoured because
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it is easier experimentally (for rotation methods the 
specimens had to be polished to a needle point) and also 
it involved no wastage of the specimens. For both techniques 
MoK * radiation and a 6 cm. cylindrical camera were used.
The specimens were aligned in a Unicam S25 Single Crystal 
Goniometer with their growth direction parallel to the 
camera's axis and coincident with their rotation axis.
In the oscillation method longitudinal sections were rotated 
through a total of 150° by oscillating the specimen ten 
consecutive times through 15° at 15° intervals. Again the 
iron spots were masked by the stronger sulphide spots.
Since the oscillating crystal method covered 
only 150°, the rotating crystal method was tried. For 
this the specimens were ground and fine polished to a 
needle point. The incident x-ray beam was incident on 
the extreme tip of the needle and the specimen was masked 
to within 1 mm. of the tip using a litharge—glycerine 
paste carefully applied with a one-hair brush. Some 
specimens were also deep etched at the needle point to 
expose the iron rods. This procedure gave a very large 
number of reflections which were readily identified as 
due to iron sulphide, however no spots due to iron could
be identifie<̂ #
Although the above techniques provided no infor-
the iron rods, they supplemented the results 
mation for ^
obtained by the Laue method.
Fig. 5* 7 Goniometer head for Schulz’s
method of texture determination. (22 1)
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Finally, the orientations of the iron rods 
'were determined in an x-ray spectrometer connected to a
f 221)recording Geiger counter using the Schulz methodv ,
Fig. 5.7. The specimens, marked with a reference direction, 
were mounted in the spectrometer with the x-ray beam 
incident on the polished transverse sections. The usual 
two rotations of the specimen, used in the Schulz method, 
were applied: (a) rotation of the specimen's vertical
axis from 0 to 70° (f ) to obtain the data along one
radius of the pole figure, and (b) rotation about the 
specimen's vertical axis from 0 to 3^0°, at 5° or 10° 
intervals, to obtain the data along all radii of the pole 
figure. Reflections from {21lJ in the iron were used, 
these being relatively strong and having Bragg angle 
values sufficiently distant from possible interfering 
iron sulphide reflections. To obtain (211} reflections, 
the incident and reflected x-ray beam angles, 0 and 2© , 




Fig. 6.1 Unidirectionally solidified 
iron-iron sulphide eutectic. 
Ingot No. 7.1. R = 0.5 cm/hr,
G = 46 C/cra, oxygen = 25 p.p.m.
(a) Longitudinal section, x 600.
(b) Transverse section, x 500. 
Showing close-packed hexagonal 





6.1.1 General description of morphology and crystallography
All of the details pertaining' to the solidification 
runs conducted are shown in Appendix 6.
The typical structure of a unidirectionally 
solidified ingot of iron-iron sulphide eutectic is 
shown in Fig. 6.1*. The eutectic structure consists
of unicrystalline, b.c.c. iron rods or fibres, lengthened 
in and parallel to the direction of solidification, 
embedded in a matrix of F e^_xS (for analysis refer to 
Appendix U) .
Most ingots consist of a single crystal of 
eutectic, however under some experimental conditions 
several grains were found.
Within any one grain the direction of growth 
is usually parallel to (lOlo) in the iron sulphide 
and to various low index directions in the iron (<(l00)>,
which depend on the solidification rate
of the specimen.
* JNTote :pjote* In all longitudinal sections the direction of solidification of the specimens is indicated by the 
direction of the arrow »
Fig. 6.2 Schematic representation of 
eutectic structure, 
a = 1000 to 1100 
b = 13 to 33 yOL 
c and \  = functions of 
solidification rate, tempera­





Pig“. 6.1 shows . that in transverse the iron 
rods assume a close—packed hexagonal distribution, 
however, this may be distorted by the presence or 
absence of one or more iron rods. When the eutectics 
are solidified at low temperature gradients the individual 
iron rods are either hexagonal or circular in cross 
section depending on the oxygen content of the alloy, 
low oxygen levels favouring the hexagonal structure.
With increasing temperature gradients the iron rods become 
lengthened in one direction in cross section, i.e. they 
become plate-like, for all oxygen levels. The cross 
sectional size and the spacing between iron rods are 
also dependent on the applied solidification variables. 
Longitudinally the iron rods are discontinuous, with an 
average length of 1 0 0 0 - 1 1 0 0 and an average longitudinal 
gap of 15-35/# . The general features of the eutectic 
structures are summarized schematically in Fig. 6.2.
The eutectic forms a globular structure when 
solidified at the highest solidification rates, higher 
temperature gradients and lowest oxygen levels.
]\To cells are formed at the lower oxygen contents, 
however with increasing oxygen content, increasing 
solidification rate and decreasing temperature gradient 
the formation of cells becomes progressively more evident. 
The shape and size of the eutectic cells are controlled
Nig. 6.3 As cast iron-iron sulphide 
eutectic structure.
Ingot No. 11.2 x 500
■>
Fig. 6.4 Longitudinal section showing 
iron sulphide halo enveloping 
the iron dendrite. Specimen 
No. 4.1 x 1000.
->
Fig. 6.5 Longitudinal section showing 
continuity between primary 
and eutectic iron sulphide. 
Specimen No. 6.3 x 600.
1 0 6 .
by the above variables.
All of the above characteristics of the 
iron-iron sulphide eutectic are treated in detail in 
the following* sections.
All results to be considered refer to uni­
directionally solidified specimens, however a typical 
section of an as cast ingot is shown in Fig. 6.3 for 
comparison.
6.1.2 Establishment of Eutectic Structures
Solidification of melts slightly off eutectic 
composition demonstrated that the iron phase is nucleated 
by the iron sulphide. With hypoeutectic alloys (iron 
rich) characteristics "haloes" of iron sulphide surround 
the iron dendrites prior to the nucléation of the eutectic 
(Fig. 6.4). No haloes were found in hypereutectic 
alloys (Fig. 6.5).
In both eutectic and hypereutectic alloys 
the initial stage in the solidification of the ingot 
consisted of nucléation and growth of some iron sulphide. 
Initially a large number of randomly oriented iron sulphide 
crystals formed; however, over a very short distance 
(approximately 2 mm) only one grain survived by competitive 
growth X-ray evidence is in support of the above optical 
observation (see Appendix 10). Growth of the primary
>
Fig. 6.6 Longitudinal section showing 
bending and branching of iron 
rods at the point of eutectic 
nucleation. Specimen No.
6.U x 1000. "
■>
( o )
E Î K i  6 •? Long!tudlnal sections showing 
repeated nucléation and gradual 
lengthening of iron rods.
Specimen No. 6.2 x 1600.
(a) 1 mm from point of eutectic 
nucléation.
(h) h mm from point of eutectic 
nucleation.




Fig. 6.8 Solidification behaviour of 
hypo-eutectic iron-iron 
sulphide alloy, showing 
iron dendrites. Specimen 
No . b . 2 x 100.
1 0 7 .
iron sulphide single crystal continues until iron rods 
are nucleated - on a usually planar sulphide interface. 
Thereafter the melt solidifies as eutectic. In a few 
cases, as in Pig'. 6.5? the equilibrium spacing and 
direction of the iron rods were established almost at 
the point of eutectic nucleation. Whereas in most 
instances the equilibrium structure was established 
over a distance of several millimetres by repeated 
nucleation and branching together with bending of the 
rods. No evident difference in experimental conditions 
could be associated with this difference in behaviour.
Pig. 6.6 shows the bending and branching of the iron
rods while the repeated nucleation and gradual lengthening 
of the iron rods are shown in Fig. 6.7* The photographs
(a), (b) and (c) were taken 1 mm, U mm and 8 mm, respec­
tively, away from the point of nucleation of the eutectic 
in the direction of growth. It is evident that as 
growth proceeds the iron rods lengthen, in the direction 
of solidification, and decrease both their width and 
their number, maintaining however a relatively constant 
interrod spacing.
Solidification of hypoeutectic alloys was 
typically more complex, as shown in Fig. 6.8. Primary
iron dendrites form and grow into the melt. After a 
time an iron sulphide "halo" forms around the iron dendrites
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and serves as the nucleation site for the iron rods as 
before. As growth proceeds, further iron dendrites 
appear to nucleate in front of the eutectic. In 
Section 7, however, it will be argued that longitudinal 
sections of this structure are misleading and what 
appears to be renucleated iron is really a dendrite 
arm of either the initial dendrite or an adjoining 
one. The formation of a pronounced dendritic structure 
delays the establishment of an equilibrium eutectic 
structure so that more than half of the specimen length 
may solidify before a regular structure forms.
Etching of the eutectic ingots revealed no 
substructures in ^either the iron sulphide phase iflor 
the iron phase, except in the ingots which were evidently 
p n l y crystalline (see Section 6.1.11).
6.1.3 Growth Characteristics
A typical longitudinal section of unidirectionally 
solidified eutectic, growing under steady state conditions, 
is shown in Fig. 6.1. From this photograph, the iron 
rods appear to be cigar shaped, of length approximately 
50/¿t and of maximum width of approximately 2.5/#-. Deep 
etching of the samples, i.e. solution of the iron sulphide 
matrix, however, showed the above observations to be 
misleading. The true length of the iron rods being
>
Fig. 6.9 Longitudinal section of
iron rods showing parallel 
faces. Specimen No.
6.3 x  20 , 000 .
£-*•£?»— Schematic diagram showing 
the relationship between 
the observed length of an iron 
rod, 1, and the angle between 
the plane of polish and the 
growth direction of the rod,©.
x 2.51 sin 0 x
Fig. 6 .11 Longitudinal section showing 
nucléation of two iron rods 
during steady state growth 
of specimen. Specimen was 
deep etched. Specimen 
No. 15.2 x 1500.
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approximately HOOyU. in all specimens studied. From
transverse sections it was evident that the true width
of the iron rods corresponds to the maximum width
quoted above and depends on the applied growth conditions
(see Section 6.1.6). The edges of the rods, over most
of their length, are straight and parallel to the
solidification direction as shown in Fig. 6 .9 . Normal
longitudinal sections are misleading because in most
cases the plane of polish is at a small angle to their
growth direction so that the observed maximum length, 1 ,
rod diameteris 1 = sin 0
where O is the angle between the plane of polish and 
the growth direction of the rods as shown schematically 
in Fig. 6.10. For example, in the sample shown in 
Fig. 6.1, B was calculated to be approximately 3°; 
if 0 was increased to 5° the apparent length of the 
rods would be decreased to 28.6^^£ . The apparent cigar 
shape of the rods is also due to the sectioning of these 
at a small angle to their growth direction.
The discontinuity of the iron rods, along 
their growth direction, which was observed in deep etched 
specimens as- shown in Fig. 6.11. Th,e figure shows the 
nucleation points of two iron rods observed during 
steady state growth of the eutectic. The rods have 
been slightly bent and lifted out of the iron sulphide
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cavity. Calculations based on actual measurement 
of the cross sectional area of the iron rods*, assuming 
that the volume fraction of iron in the eutectic is 
9 .65$ at 98 9 222) ̂ also show that the iron
rods could not be continuous, since the -volume fraction 
of iron is insufficient. Further, if the average 
length of the iron rods was taken to be 110 , the
longitudinal gap existing between two iron rods was 
calculated to be approximately 15”35/^-j this length 
was verified from the deep etched specimens.
Typical eutectic structures (including 
structures showing cell formation, to be described in 
Section 6.1.8) were annealed for times and temperatures 
given in Section 5«6 and no structural changes were 
detected.
6.1.4 Fault Structure
In Section 2.2.3 a fault in a rod-like 
eutectic was described as either the addition or the 
absence of a rod from the close-packed hexagonal array
* Measurements of areas were made on photographs of 
transverse eutectic sections, x 2300, using a very 
accurate planimeter, allowing for film shrinkage and 
averaging the values obtained from 25 individual rods. 
Specimens containing cylindrical, hexagonal and plate­
like iron rods were all observed.
Fig. 6.12 Transverse section showing 
a negative fault. Specimen 
No. 10.2 X 1500.
Fig, 6,1 3 Fanit densities as a funetion 
of growth rate, temperature 
gradient and oxygen content.
Specimen Series 6.X: G = 30°C/cm, oxygen = 46 p
Specimen Series P.X: G = 80 C/cm, oxygen = 46 p
Specimen Series 10,X:G = 80°C/cm, oxygen = 2 5 p
Specimen Series 13.X:G = 80°C/cm, oxygen = 67 p
p . m 
p . m 
p . m 
p . m
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of rods observed in a specimen's cross section. Unless 
an actual count of faults is made, a fault is usually 
difficult to notice optically, Fig. 6.12, however, shows 
the absence of an iron rod from the close-packed hexagonal 
array, i.e. a negative fault. Fault counts taken on 
different parts of the specimen, in five specimens, show 
the validity of the fault densities quoted in Appendix 5* 
The dependence of fault density (number per
2crn of specimen transverse area) on the solidification 
rate of the specimen, for four specimen series are shown 
in Fig. 6.13. It is seen that the relation is of the form. 
R = m / ^  + b
where R = solidification rate 
f  = fault density 
m = gradient of graph 
b = constant
This typical relationship was obeyed by all samples 
tested, however two relevant features were noted:
(a) at constant temperature gradient and solidification 
rate, an increase in the oxygen content of the alloys 
frmm 25 to 46 p.p.m. increased the fault density, although 
the percentage of faults per total number of rods remained 
approximately constant. The two series of specimens 
containing 46 and 6*7 p.p.m. oxygen (9 • x and lf>,x respec­
tively) showed approximately equal fault densities.
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Fault counts in specimens containing* higher oxygen  levels 
were not  conducted because of the difficulty in the 
counting when a cellular structure was present in the 
specimens.
(b) increasing the temperature gradient, under which the
specimens were solidified, from 50°C/cm to 80°C/cm increased
—  2 —1both m and b, the former from J.U x 10 to 2.2 x 10
err?/No. -hr, i.e. at a constant solidification rate the
eutectic structure became more "perfect” with  increasing
temperature gradient. The constant  b increased from — 7 
u 2
to 7 x 10 faults/cm with increasing temperature gradient.
From the  detailed results of fault counts 
reported in Appendix 5 it is evident that for a gradient 
of 50°C/cm the percentage of faulted sites (with respect 
to the total number of iron rods) increases slightly with 
increasing solidification rate  up to R = 1.75  cm/hr. For 
higher solidification rates, h o wever, the percentage of 
faulted sites remains approximately constant. For higher 
temperature  gradients (80°C/cm), the percentage of 
faulted sites remains  approximately constant at all 
solidification  rates. However, it is evident that the 
percentage of faulted sites is decreased considerably 
by an increase in temperature gradient «
( c )
Fig. 6.1b Transverse sections showing the
gradual rounding of the cross sections 
0^ the iron rods with increasing' oxygen 
content. G = 50°C/cm. x 2500. "°^
(a) Specimen No. 6.J: R = 0.8 cm/hr, oxygen = b6 p.p.m.
(b) Specimen No. 3.2: R = 0.5 cm/hr, oxygen = 67 p.p.m.
(c) Specimen No. 5.10:R = 0.25 cm/hr, oxygen = 98 p.p.m
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6.1.5 The Effect of Oxygen on the Eutectic Microstructure
The microstructure of the eutectic alloys is 
dependent on the oxygen content. For alloys solidified 
in a temperature gradient of 50°C/cm and at solidification 
rates equal to and greater than 0.5 cm/hr (conditions 
which result in a rod-like structure), for oxygen contents 
up to 46 p.p.m. the iron/iron sulphide interfaces are 
faceted, the iron rods having an hexagonal cross section 
as shown in Fig. 6.14(a). The facets are parallel to 
{000lj and £l212j planes in the iron sulphide, although 
having no simple relationship with the iron phase (see 
Section 6.1.10). At oxygen levels above 46 p.p.m. the 
iron rods become progressively rounded (Fig. 6.14(b)).
Above 70 p.p.m. oxygen the rods are circular in cross 
section (Fig. 6.14(c)).
Alloys solidified in a temperature gradient 
of 80°C/cm and at solidification rates above 2 cm/hr 
also result in rod-like structures, which are affected 
by oxygen as above.
Alloys solidified in a temperature gradient of 
50°C/cm and at a solidification rate less than 0.5 cm/hr,
¿21 a temperature gradient of 80 0/cm and at a solidification 
rate less than 2 cm/hr and in gradients of 100 C/cm 
result in plate-like structures. At low oxygen levels 
( 46 p.p.m.) the plates have six faceted interfaces (as
Pig-, 6.15 Transverse section showing 
faceted plates. Specimen 
No. 9.1. Oxygen = U6 p.p.m.
X 2 5 Q O O
Pig. 6,l6 Transverse section showing 
partially faceted plates. 
Specimen No. 8.1. Oxygen 
= 9 8  p.p.m .̂ 2 0 0 0 0
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for rods) as shown in Fig. 6.15. The longer faces are 
parallel to £ 0001J planes in the iron sulphide, and 
the shorter faces are parallel to £l212j planes. At 
high oxygen levels ( 70 p.p.m.) only one set of straight, 
parallel faces develop, the shorter faces remain rounded 
as shown in Fig. 6.l6. The faceted interfaces are 
parallel to {0001J planes in the iron sulphide. Again 
no relationship exists between the facets and the iron 
phase (see Section 6.1.10).
The rod to plate transition is discussed in 
more detail in the following section.
6.1.6 The Effects of Solidification Rate and Temperature 
Gradient on the Eutectic Structure
Values of inter-rod spacings, X  > were obtained 
by taking the mean of 150 individual measurements. 
Calculations showed that this resulted in a '99•9$ 
confidence level and a O.O^yit standard error of the 
mean. The values of for all the eutectic specimens 
.solidified are shown in Appendix 6.
For each oxygen level and at a constant 
temperature gradient, G, an increase in the solidification 
rate, R, resulted in a decrease in inter-rod spacings,A ,
such that
^  = n R”T -a (6-1)
-4where a = constant = 2 x 10 cm.

















/ Specimen series -
0 - 6 X -
_______L
A - 9 X 
x - 12 X
i i
-
0 1 2 3 4
G" 1R^(h r^c m^?c S x 10 2
0 )
Fig. 6.17 Curves showing relationship
between Inter-rod spacing, A , 
temperature gradient, G, and 
solidification rate, R.
Oxygen content = 46 p.p.m.
(a)^ VsR~^
Specimen Series 6.X, G = $0° C/cm.
Specimen Series, 9.X,G 
Specimen Series 12.X,G
(b) A y sr V " 1
80°C/cm.
100°C/cm.
Fig. 6.18 Transverse section showing 
decrease in rod diameter 
with increase in R. Specimen 
No. 6.1 x 2500. R = 3 cm/hr,
G = U5°C/cm, oxygen 46 p.p.m.
Fig._6.19 Transverse section showing
decrease in rod diameter with 
increase in G. Specimen No.
9.6 R = 3 cm/hr, G = 80°C/cm, 
oxygen = 46 p.p.m. x 2500.
Fig, 6 .20 Transverse section showing 
faceted iron rods at high 
R and G. Specimen as in 
Fig. 6.17 x 25,000.
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of the eutectic (as described in the following section).
Fig. 6.17(a) shows the curves obtained for alloys 
containing 46 p.p.m. oxygen and solidified under three 
different temperature gradients. It is evident that A  
is also a function of G. It was established that at 
a constant R, A  is inversely proportional to G so that 
all results at a constant oxygen level may be described 
by the expression
,\= NR~?G~1-a (6.2)
where N is a different constant to that of equation 
(6.l). Fig. 6.1 7 (b) shows the values in Fig. 6 .1 7 (a) 
replotted to show the relationship of equation 6.2.
At a constant temperature gradient (50°C/cm), 
the decrease in A  with increasing R was accompanied by 
a decrease in the diameter of the iron rods, as shown by 
comparison of Fig. 6.14(a) to Fig. 6.18. The decrease 
in A  with increasing G is also accompanied by a decrease 
in rod diameter as shown in Figs. 6.18 and 6.19. Iron 
rods, at low oxygen levels, retain their facetted appearance 
at high gradients and solidification rates as shown by 
the electron micrograph in Fig. 6.20.
At low solidification rates (^0.5 cm/hr) and 
high temperature gradients Q ,̂ 0°C/cm), the iron rods 
become extended in one direction, in cross section, i.e. 
they become plate-like, for all oxygen levels. At
Fig 6.21 Transverse section showing iron plates. Specimen No.
6.4 R = 0.5 cm/hr, G = 48 C/cm 
x 2500.
Fig. 6,22 Transverse section showing 
iron plates. Specimen No. 
5.10. R = 0.25 cm/hr,
G = 50°C/cm x 2500.
Fi#. 6.23 Transverse section showing
complete plate-like structure. 
Specimen No. 8.2. R = 1.0 cm/hr. 
G = 80°C/cm x 2300.
Fig. 6.2k Transverse section showing 
mixed rod and plate-like 
structures. Specimen No. 
9-3• R = 2.0 cm/hr,
O = 80°C/cm x 2500.
Fig. 6.25 Longitudinal section of a 
plate-like structure. 
Specimen No. 9.1.
R = 0.5 cm/hr, G = 79°C/cm.
>
Fig, 6,26 Longitudinal section showing 
globular eutectic structure. 
Specimen No, 16 ,8 ,
R = b cm/hr, G = 80°C/cm, 
oxygen = lb p.p.m. x 1 5 0 0.
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G = 50 C/om, some iron plates could be observed at 
R = 0 . 5  cra/hr (Fig. 6.2l). As the solidification rate 
decreased, the plate-like structure became more pronounced 
(Fig. 6.22). Temperature gradient, however, appears 
to be the main controlling factor in the rod to plate 
transition; Fig. 6.23 showing a complete plate-like 
structure obtained in a sample grown at R — 1.0; cm/hr 
and G#80°C/cm. It can be seen that the plates still 
maintain an approximately close packed hexagonal arrange­
ment . At the lowest solidification rates (0.1 cm/hr) 
and highest temperature gradient (lOO°C/cm), the ratio 
of the major to minor axis of the plates, in cross 
section, was found to be a maximum of about 9**1* The 
rod to plate transition is a gradual one, often both 
structures appearing in the same sample as shown in 
Fig. 6.2b. At a gradient of 80°C/cm, the plate-like 
structure was observed at growth rates up to 2 cm/hr, 
above this rods were formed (Fig. 6 .19). Longitudinally 
the plate-like structure appears similar to the rod 
structure as shown in Fig. 6.2^.
In two specimens solidified at the lowest 
oxygen levels (lb p.p.m.), higher temperature gradients 
(80°C/cm) and highest growth rates (4 cm/hr), the Iron 
phase solidified In a globular fashion, as can be seen 
in the longitudinal section shown in Pig. 6.26. The
Fig. 6 .27 Variation of inter-rod 
spacing, A, with growth 
rate, R, and temperature 
gradient, G, for various 
oxygen contents. All curves
are of the form A  =NR 2G -a
, —Uwhere a = 2 x 10 cm.
N is given below.
Curve Oxygen content N
(p.p.m. ) (hr2cm 2 °i
























6.28 Variation of A with
oxygen content for .1
GR2 = 1.0.
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change from rods to globules is sudden, with no 
significant decrease in the length of the iron rods 
with increasing solidification rates. Thus for ingots 
solidified at 3 cm/hr in a gradient of 80°C/cm typical 
rods about 1100^ ^  in length were obtained.
6.1.7 The Effect of Oxygen on Inter-rod and Inter-plate 
Spacings
For a constant growth rate, R, and temperature 
gradient, G, increasing oxygen contents tend to decrease 
the inter-rod and inter-plate spacings, A  .
Since \  is also a function of R and G (as 
discussed in the previous section), the most appropriate 
way to represent the effects of oxygen on A  was considered 
to be as shown in Fig. 6.27 which shows the variation 
of A  with R and G for all the oxygen levels examined.
The values used to obtain these curves are shown in 
Appendix 6 . The curves are marked a to i, representing 
decreasing oxygen contents from 97 to lU p.p.m.
Fig. 6.28 summarises the effect of oxygen 
content on A  ^or constant G and R (GR2 = 1.0) ; the 
values are reported in Appendix 7.
6.1.8 Cellular Structure
The effects of temperature gradient, G,
Fig. 6.29 Showing the effects of
oxygen content, temperature 
gradient, G, and solidification 
rate, R, on the planar to 
cellular interface transition.
Fig. 6 .3 0 Longitudinal section showing 
gradual development of 
cellular structure. Specimen 
No. 5.6: R = 1.0 cm/hr,
G = 6k C/cm, oxygen = 98 p.p.m. 
x 250.
------------------------------------------------------------>
Fig. 6.31 Longitudinal section showing the 
nucléation of a new cell in the 
groove between two pre-existing 
cells. Specimen No. 5*7 x 300.
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solidification rate, R, and oxygen content on the 
formation of a cellular structure are summarised in 
Pig. 6.29 and Appendix 6. At all oxygen levels tested 
it was possible to produce a cellular structure under the 
appropriate conditions, however the extent to which this 
structure prevailed and the size of the cells depend 
on the solidification variables. Thus, at 14 p.p.m. 
oxygen for a XR ratio greater than approximately 
50°C/cm^/hr, no cells are found in any portion of the 
eutectic ingot. Below this ratio cells are formed only 
after the eutectic has solidified for some distance with 
a planar interface; the smaller the ratio ( XR) the 
greater the proportion of cellular structure.
In specimens where a planar to cellular 
interface transition takes place, the development of 
cells occurs over a distance along the speciments growth 
direction as shown in Fig. 6.30. Once cells are formed,
their growth is perpetual, however, in some cases, nucleation 
and growth of new cells occurs as shown in Fig. 6.3 1.
'i'he groove "between two cell caps is invariably the
nucleation point of new cells.
Xt is evident from Fig. 6.30 that the iron
.4-To-i-n the cells adopt the characteristic fan-like rods witni-‘-L
nt observed in all eutectic cell structures. a r r a i2 ^ e®e ii 0 ’
Although the size and shape of the cells found
Fig. 6.32 Transverse sections showing the effects 
of oxygen content on the size and shape 
of the cells. R = 2.0 cm/hr, G = 50°C/cm.
(a) Specimen No. 1 6.5: oxygen = lb p.p.m. x 200.
(b) Specimen No. 6.6: oxygen = b6 p.p.m. x 300.
(c) Specimen No. 5.5: oxygen = 98 p.p.m. x 300.
>
>»•«* j**» *
0 . 0 &0’ » ’V O  oo
Oo °o0a.°V®
. 0 g M,.~ _ ’  0 Q
° ° . «. <7oOJ p . //,®0
Fig. 6 . 3 3  Longitudinal section showing 
the effects of oxygen content 
on the curvature of the iron 
rods at the cell boundaries. 
Specimen No. 6.2: R = 1.0 cm/hr, 
G = 51 C/cm, oxygen = 46 p.p.m. 
x 250 (Compare with Fig. 6 .3 0 ).
Fig. 6.3^ Transverse section showing the 
effect of solidification rate 
on cell size. Specimen No. 6 . 3 *  
R = 0 . 8  cm/hr, G = k^°C/cm, 
oxygen = k6 p.p.m. x 3 0 0. 
(Compare with Fig. 6 . 3 2 ( b ) ) .
Fig. 6,35 Transverse section showing the effect
of temperature gradient on cell size. 
Specimen No. 9*3** F = 2.0 cm/hr.
G = 80°C/cm, oxygen = U6 p.p.m. x 300. 
(Compare with Fig. 6 . 3 2 ( b ) ) .
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in any one specimen were irregular, general observations 
could be made on the effects of oxygen, R and G. The 
effects of oxygen may be followed in the series of samples 
shown in Fig. 6.32. ¥ith increasing oxygen content :
(a) the cell size decreases; (b) the cells become
ovular in cross section; and (c) the curvature of the 
iron rods at the cell boundaries increases. The latter 
point is more noticeable when observing longitudinal 
sections and is evident from a comparison of Fig. 6.33 
to Fig. 6.30. '
Increasing the solidification rate and the 
temperature gradient both decrease the cell size as shown 
by comparison of Figs. 6.3k and 6.35 to Fig. 6.3 2 (b).
The cell boundaries of most cells are well 
defined (Figs. 6.32, 6.3^- and 6.35) > however in specimens 
grown at higher solidification rates and temperature 
gradients some less well-defined boundaries are observed 
within the main cells. One such boundary is noticeable 
in the bottom-left cell in Pig. 6.35.
Nucléation of eutectic cells occurs most 
frequently at the specimen1s surface or on the container 
wall. Grain boundaries, existing in primary iron sulphide, 
are also favoured sites for cell nucleati.cn. Attempts 
to quench partly solidified ingots in order to ascertain 
whether small irregularities existed on the solid/liquid
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interface, and therefore act as possible sites for cell 
nucleation, were unsuccessful since upon quenching the 
ingots always shattered into fragments.
Within any one eutectic grain, containing 
cells, x-ray analysis showed that the orientation of 
both phases was constant, i.e. no evident change in 
orientation of the phases was observed in different 
cells. However it was noticed that some scattered 
regions of diffraction occurred for the iron phase 
(see Section 6.1.10). In support, it was noticed that 
cells, within a eutectic grain, showed no contrast when 
observed under polarized light.
6.1.9 "Special"  Eutectic Structures
This section deals with special structures 
observed in only some alloys.
(a) "Banding” In some runs (6), a partial  breakdown of
the temperature control in the solidification apparatus 
occurred a considerable time after the beginning of the 
solidification of the ingot. This  resulted in gross 
temperature  fluctuations in the furnace and therefore 
the alloy melt. In these  specimens it was noticed that 
the steadyastate growth of the eutectic was disrupted
transverse bands of either iron sulphide or iron. The 
bands were of varying  thickness, depending on the  growth
>
Fig. 6.36 Longitudinal sections showing "handing" 
in eutectic alloys.
(a) Specimen No. 8.5: R = 3.0 cm/hr, G- = 80°C / cm X 2 5 0.
( b ) Specimen No. 9 . 2 : R = 1 . 0 cm/hr, G = 82°C/cm X 200.
( c ) Specimen No. I 7. I : R = 0 . 1 cm/hr, G = 100°C/cm X 2 5O.
>
• 6 • 37 Longi tudinal section showing’
bending of iron rod during 
steady state growth.
Specimen No. 5-3 x 10,000.
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conditions of the specimen and the magnitude of the 
temperature fluctuation. Subsequent growth resulted 
in renucleation and growth of the eutectic (as described 
in Section 6.1.2). Fig. 6.36(a) shows an example of 
such a structure, while Fig. 6.36(b) shows a thicker 
iron sulphide band formed in a eutectic specimen 
solidified at a lower solidification rate and at an 
approximately equal temperature gradient. In the latter 
it is evident that the growth axis of the renucleated 
iron rods is at an angle (approximately 8°) to that 
of the rods prior to the band. In one specimen, grown 
at higher temperature gradients and lower solidification 
rates, nearly complete bands of iron were formed (Fig. 
6.3 6(c)). With continued growth the iron rods appear 
to extend, in the direction of growth, from sites on 
the iron band, the equilibrium structure being established 
almost immediately.
(b) Bending of iron rods and mixed dendrite-eutectic growth 
In Section 6.1.8 it was shown that iron rods bend in 
the vicinity of cell boundaries. However even in eutectic 
specimens which did not contain cells nor any detectable 
discontinuity, a few iron rods were noticed to bend 
sharply out of their growth direction (Fig. 6.37), bending
F±æ. 6.38 Longitudinal and transverse 
sections showing mixed iron 
sulphide dendrite-eutectic 
growth.
(a) Specimen No. 3.8 x 1 50.
(b) Specimen No. 20.6 x UOO.
>
Fig. 6 .39 Longitudinal sections showing bending 
of iron rods around an iron sulphide 
dendrite. Specimen No. 18.2.
(a) x 30 0.
(b) x 600.
>
Fig. 6.4-0 Longitudinal section showing
breakdown of eutectic structure 
when growth occurs around an 
iron dendrite. Specimen 
No. 4.3 x 60 0.
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back after a short distance as shown. Although general, 
the phenomenon was observed more frequently in specimens 
solidified at lower solidification rates.
In Section 6.1.2 it was shown that in most 
eutectic and hyper-eutectic alloys the initial solidi­
fication of the ingot consists of formation of some 
primary iron sulphide. Nucléation of the eutectic occurs 
on a usually planar interface and subsequent growth 
results in an equilibrium eutectic structure. It was 
also shown that growth of hypo-eutectic alloys is relatively 
more complex, mixed dendrite-eutectic growth occurring 
for most of the specimen. Xn some hyper—eutectic specimens 
grown at higher growth rates and lower temperature 
gradients, mixed dendrite-eutectic growth was also 
observed. Pig*. 6.38 shows longitudinal and transverse 
sections of a mixed iron sulphide dendrite eutectic 
structure. Often dendrites nucleated on the container 
wall in front of the eutectic's solid/liquid interface, 
thus acting as an obstacle to eutectic growth. For these 
it was observed that if the obstacle was an iron sulphide 
dendrite, the iron bent around the dendrite (Fig. 6.39(a)), 
following to some extent its periphery (Fig. 6.3 9(b) ).
The eutectic structure, however, breaks down when its 
growth is impeded by an iron dendrite, as shown in Fig. 6.U0.
Fig. 6.hi Standard projection in which the 
specimen's transverse section is 
the projection plane. Showing 
poles of planes in h.c.p. Fep_xs *
Fig. 6. h2 Showing observed rotation of the (IOIO) 
direction in iron sulphide. Specimen's 
transverse section is the reflecting 
plane. Angle of rotation is approximately 
20 °.  * ’
1. 2 mm. prior to eutectic nucléation.
2. h mm. after eutectic nucléation.
3 . 10 mm. after eutectic nucléation.
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Laue, rotating and oscillating crystal patterns 
of iron sulphide in both eutectic and hyper-eutectic 
alloys all showed that during equilibrium growth:
growth direction // <1010> iron sulphide 
with complete rotations of the iron sulphide lattice 
about the ^ 1 010^ direction. This relationship was 
found for all solidification rates, temperature gradients 
and oxygen levels. A summary of results together with 
typical Laue and rotating" crystal patterns are given 
in Appendix 10 and 11. Fig. 6.4l is a standard projection 
in which the specimen's transverse section is the 
projection plane and in which the { o o o i j  poles have been 
rotated along the periphery to coincide with the North 
and South poles. In most specimens the above relationship 
was found to within 2 mm. of the nucléation point of the 
single crystal.
In specimens containing primary iron sulphide, 
Laue patterns taken at approximately 1 mm. intervals 
along the direction of solidification show no change in 
the orientation of the iron sulphide across the eutectic's 
nucléation front.
In one of the unicrystalline eutectic specimens 
tested (6.2) it was noticed that at approximately 2 mm. 
prior to the eutectic's nucléation point, the <^10loJ)
6.1.10 Orientation Relationships : Unicrystalline Specimens
Fig. 6.43 Showing schematically the
relative positions of the 
x-ray beam on the specimens9 
longitudinal sections and 
the polished transverse sections.
0001 (0001)
Fig, 6.44 Showing- schematically the various observed 
cross sectional shapes of iron rods, 
superimposed on a standard projection of 
Pe_ S similar to that shown in Fig. 6.41 ._L .X
(a) Hexagonal iron rod.
(b) Plate-like iron rod, at low oxygen levels.
(c) Plate-like iron rod, at high oxygen levels.
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direction of the iron sulphide was approximately 20 
from the direction of solidification (the point of 
nucleation of the eutectic was approximately 4 mm. 
away from the point of nucleation of the specimen)
By taking longitudinally a series of Laue patterns, at 
2 mm. intervals, the direction of the iron sulphide was 
found to rotate, about the {OOOlJ plane, into parallelism 
with the growth direction, achieving this at approximately 
10 mm. from the eutectic's nucleation point. Fig. 6.U2 
shows the observed rotation. Micrographs of points in 
the specimen corresponding to some of the points analysed 
are shown in Fig. 6.7. it can be seen that the length 
of the iron rods increases progressively as the equi­
librium orientation of the sulphide is approached.
The orientation relationships between the faceted 
iron/iron sulphide interfaces and the iron sulphide lattice 
were also determined. Data from Laue diagrams taken with 
polished longitudinal sections normal to the x-ray beam 
was combined with the directions of the facets determined 
optically on the corresponding transverse sections (Fig. 
6.43). In Fig. 6.44 the orientation of the iron sulphide 
is shown in stereographic projection as described above. 
Superimposed on the diagram are the directions of the 
various types of facets found. Since longitudinally the
(a)
Fig. 6.4-5 Distribution of {211J poles of iron rods in 
eutectic alloys. Projection plane is normal 
to the growth direction. Angles shown are 
those between growth direction and numbered 
circles.
(a) From specimen No. 6.2: R = 1.0 cm/hr, G = 51°C/cm,
oxygen = 46 p.p.m.
(b) From spec imen No. 5 • 3 •* D = 0.5 cm/hr, G = 50°C/cm,
oxygen = 98 p.p.m. (cellular structure) .
(c) From specimen No. 6.1: R = 3*0 cm/hr, G = 45°C/cm,
oxygen = 45 p.p.m.
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direction of the facets is parallel to the <^1010^ direction 
in the iron sulphide (see Section 6.1.3), it is evident 
from Fig. 6.44 that for all morphologies : the AB and
DE interfaces are parallel to £OOOlJ planes in the iron 
sulphide and the BC, CD, EF and FA interfaces are parallel 
to £1212J planes.
Typical pole figures for the {21 1} poles of 
the iron rods are given in Fig. 6.45, the angles shown 
are those between the numbered circles and the specimen’s 
growth direction (and therefore the iron rods’). It can 
be seen that at low solidification rates, 3 cm/hr,
at all temperature gradients and oxygen levels, the 
diagrams are consistant with a mixture of ^ 100^  ,(lio) 
and < m >  directions in the iron rods being parallel 
to the growth direction, with almost complete rotations 
about these axes.
Specimens containing a pronounced cellular 
structure (i.e. for the higher oxygen levels) showed 
similar results to the above, however some scattered 
areas of diffraction also occurred, as shown by the 
shaded areas in Fig. 6.45(b).
Specimens solidified at higher growth rates 
showed a progressive reduction in ^100^ and ^111^ directions 
as the growth rate was increased and at growth rates greater 
than 3 cm/hr a single (lio) direction was found. (Fig.
>
Fig. 6.46 Longitudinal section showing
5 grains, the grain boundaries 
of which are outlined by films 
of iron. Specimen No. 10.4 
x 100.
1 2 6 .
6.k5 (c)) .
The systematic variation in the distribution 
of £2 11] poles with experimental conditions supports 
the interpretation of the x—ray data in terms of a mixed 
fibre axis. A summary of the x-ray results is given in 
Appendix 11.
The growth direction of unidirectionally 
solidified, pure iron sulphide was also found to be 
parallel to ^ 1010^  directions in the sulphide.
6.1.11 Multicrystalline Specimens: Morphology and 
Orientation
In previous sections unicrystalline specimens 
only have been considered. Although for most specimens 
(83) steady state solidification was associated with 
unicrystals, in some cases (l2) two or more crystals 
were obtained. These were formed only at the higher 
temperature gradients 80°C/cm) and higher solidification 
rates 2 cm/hr). Increasing solidification rate led 
to an increase in the number of grains observed.
At solidification rates equal to and greater 
than b cm/hr, the eutectic specimens contained a number 
of grains which were separated by a more or less continuous 
film of iron. Fig. 6.46 shows five such grains, all being 
approximately parallel to the direction of solidification.
>
Fig. 6.47 Longitudinal sections showing nucléation 
of grains at the specimens' surface or 
container wall during growth. Polarized 
light, crossed nichols.
(a) Primary iron sulphide. Specimen No. 10.4 x 60.
(b) Eutectic. Specimen No. 9.4 x 120.
>
Fig. 6,k& Longitudinal sections showing
steady state growth of eutectic 
grains. Specimen No. 9.U.
(a) Polarised light x 120.
(b) x 600.
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When observed under polarized light (crossed p o l a r i z e r s ) , 
most grains showed high c o n t r a s t .  I n  Sections 6 . 1 . 2  a nd 
6 . 1 . 1 0  i t  has b e e n  shown that the primary iron sulphide, 
within an ingot, was continuous, both microscopically 
and crystallographically, with the e u t e c t i c  i r o n  s u l p h i d e .  
S i m i l a r l y  t h e  above grains are c o n t i n u o u s  i n  b o t h  primary 
iron s u l p h i d e  and e u t e c t i c ,  however o n l y  i n  t h e  l a t t e r  
a r e  t h e y  o u t l i n e d  b y  i r o n .  Some grains are f o u n d  right 
up to the p o i n t  o f  n u c l e a t i o n  o f  t h e  s p e c i m e n ,  while 
others n u c l e a t e ,  d u r i n g  growth, at the specimen ' s 
s u r f a c e  o r  c o n t a i n e r  wall, in both primary and i r o n  
s u l p h i d e  and e u t e c t i c  as shown in Fig . 6 . 4 7 ( a )  a nd  F i g .
6 . 4 7 ( h )  r e s p e c t i v e l y .  The l a t t e r  also shows the e l i m i n a t i o n  
o f  an e x i s t i n g  g r a i n  b y  t h e  newly n u c l e a t e d  g r a i n .  F i g .
6 . 4 8  shows the s t e a d y  s t a t e  growth of g r a i n s  which are 
not o u t l i n e d  b y  a c o n t i n u o u s  f i l m  o f  iron (as in F i g ,
6 . 4 6 ) .  I n  t h i s  specimen the growth directions of the 
i r o n  r o d s  i n  t h e  adjoining g r a i n s  a r e  e v i d e n t l y  a t  a 
small a n g l e  t o  e a c h  o t h e r .
The fibre axis of the iron rods and the sulphide 
matrix, and the orientation relationship between the 
faceted iron/iron sulphide interfaces and the sulphide 
phase were found to be the same for unicrystalline 
specimens. However it was also found that the change 
in orientation of the iron sulphide matrix in adjoining
(a)
Fig. 6.49 Transverse sections showing angles
between {0 00 1J type faceted interfaces 
in adjoining grains,
(a) Specimen No. 10.4: 0,^6°.
(b) Specimen No. 9.4: 0,^bO°. x
750.
1 0 0 0 .
Fig. 6.50 Transverse section showing 
three intersecting grains. 
Boundaries are outlined by 
changes in direction of 
faceted interfaces.
Specimen No. 10.3* R = 2.0 cm/hr,
G = 75°C/om x 1000.
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grains consisted of a lattice rotation about the ^1010 ̂  
direction through an angle ©/. This angle was rarely 
of the same value for adjoining grains (refer to 
Appendix ll), ranging from 0° to 180°, however no 
values corresponding to the angles shown in Table 6.1 
were measured. Since the longer faceted interfaces 
are parallel to { 000lj planes in the iron sulphide, the 
angle between these, in adjoining grains, gives an 
indication of the lattice rotation of the sulphide.
Fig. 6.49 shows two transverse sections in which ©/ 
equals approximately 6° and 40°.
At solidification rates below 4 cra/hr, the 
grains described above were not formed, however at 
rates greater than 2 cm/hr grains which appeared to 2mve 
no definite boundaries, when observed under normal 
illumination, were formed. Various etchants were tried 
unsuccessfully. In transverse sections, however, the 
grain boundaries were outlined by changes in direction 
of the faceted interfaces of the iron plates as shown 
in Fig. 6.30. The grains may also be observed, in both 
transverse and longitudinal sections, using polarized 
light with crossed polarizers, the contrast is however 
very low. As previously, the grains were continuous 
in the primary iron sulphide and the eutectic, growing 
approximately parallel to the direction of solidification.
Table 6.1









00 Oo o 2
120° 15
(a)
Fig. 6 .51 fa) Typical Laue pattern of two
adjoining grains. Obtained on 
a longitudinal section of 
Specimen No. 9.k.
(b) Stereographic projection obtained 
from the Laue pattern. Specimenfs 
transverse section is the projection 
plane. 0 = 60°.
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In all cases they initiated close to the point of 
nucleation of the specimen and perpetuated throughout 
the ingot. Nucleation of these grains on the specimen’s 
surface or container wall was never observed. At 
R ^ 4 cm/hr, grains outlined by iron generally contained 
a number of the above grains. From Fig. 6.50 it is 
evident that the iron plates exist close to the boundary, 
whereas in grains outlined by iron the boundaries are 
surrounded by a region denuded of iron rods (see 
Fig. 6.U9).
Again, the change in orientation of the iron 
sulphide matrix in adjoining- grains was found to consist 
of a lattice rotation about the ^ 1010^ direction through 
an angle 0 (Fig. 6.43(b) and (c)). Values of 0 
obtained (refer to Appendix ll) for 40 adjoining grains 
are shown in Table 6.1. Only five values of 0  were 
noticed (within an experimental error of +2°); 6l°,
120 , 20°, 29° and 88°, the first two being much more 
frequent. Fig. 6.50 shows 0  values of approximately 
120° between three intersecting grains. Fig. 6.51(a) 
shows a typical Laue pattern of two adjoining grains, 
while Fig. 6.51(b) shows the stereographic projection 
(in which the specimen's transverse section is the 
projection plane) obtained from the pattern and the 
rotation angle of the iron sulphide lattice (60°).
Fig. 6.52 Transverse section, taken in polarized light 
(crossed nichols), showing high contrast 
between grains partially outlined by iron, 
and low contrast between grains not outlined 
by iron. Specimen No. 16.8 x 120.
F1g- 6.53 Longitudinal section showing termination of 
grain boundary. Specimen No. 10. U x 500.
(a) at point of termination;
(b) 10 mm. prior to point of termination.
Fig. 6.5k Stereographic projection in which the 
specimen's transverse section is the 
projection_plane. Showing rotation 
of the <^1010 > dire ction of grain 2 
into parallelism with the <(1 0 1 0 )} 
direction of grain 1 and the growth 
direction of the specimen.
(1 ) Po sition of (lOlO) pole in grain 2, 10 mm. prior
to termination of grain boundary (Fig. 6.53(a)).
(2) 2 mm. prior to termination.
(3) 4 mm. after termination.
1 3 0 .
T h e  same p a t t e r n  was o b t a i n e d  t o  within approximately 
2 mm. of the point of n u c l e a t i o n  o f  the specimen , b e y o n d  
which a pattern t y p i c a l  o f  a randomly o r i e n t e d ,  p o l i -  
c r y s t a l l i n e  m a t e r i a l  was o b t a i n e d .
Fig. 6 . 5 2  shows both types of grains.
In one of the e u t e c t i c  specimens it was 
n o t i c e d  that a grain b o u n d a r y  t e r m i n a t e d  during the 
s o l i d i f i c a t i o n  p r o c e s s  as shown in F i g .  6 . 5 3 ( a ) .  X-ray 
e x a m i n a t i o n  o f  the iron s u l p h i d e  a p p r o x i m a t e l y  1 0  mm. 
p r i o r  to the point of t e r m i n a t i o n  on both s i d e s  o f  the 
b o u n d a r y  showed that within one grain the growth d i r e c t i o n  
was p a r a l l e l  t o  ^ 1 0 1 0 ^  i r o n  s u l p h i d e ;  within the a d j o i n i n g  
g r a i n ,  however, the ^ 1010^ direction was approximately 3 2 ° 
from the growth d i r e c t i o n .  A longitudinal x-ray scan 
(see Fig. 6 . 4 3 ( d ) )  a t  2 mm. i n t e r v a l s  showed that the 
<(r1010y  d i r e c t i o n  i n  t h e  l a t t e r  g r a i n  r o t a t e d  i n t o  parallelism 
with the growth d i r e c t i o n  and the <̂ 10lo} d i r e c t i o n  i n  the 
a d j o i n i n g  g r a i n ,  t h i s  being a c h i e v e d  approximately 4 mm. 
a f t e r  t h e  a p p a r e n t  p o i n t  o f  termination of the grain 
boundary. Fig. 6 . 5 4  s u m m a r is e s  t h e  o b s e r v e d  rotation. 
T r a n s v e r s e  sections of the r e g i o n s  e x a m in e d  showed the 
f a c e t e d  interfaces to be parallel a c r o s s  the boundary 
in all sections. A f t e r  the point of b o u n d a r y  t e r m i n a t i o n  
no signs of a b o u n d a r y  were noticed in t r a n s v e r s e .
Fig. 6,55 Section from ingot 1 (9 p.p.m.
oxygen) showing faceted iron 
sulphide inclusions x 1 6 ,000.
Fig. 6 . 5 6 Section from ingot 2 (32 p.p.m.
oxygen), showing a film-like 
iron sulphide inclusion x 2000.
Fig. 6.57 Sections from ingot 3 (97 p.p.m. oxygen),
showing :
(a) Globular iron sulphide inclusions x 16,000;
(b) Globular, duplexed oxy-sulphides x 1 500;
(c) Distribution of the inclusions shown in (b) x 250 0.
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6 . 2 . 1  Sulphide Inclusions - Morphology and Type 
(a) Fe-S Alloys
Fig. 6 . 5 5  i s  an e l e c t r o n  micrograph of t y p i c a l  
i n c l u s i o n s  f o u n d  i n  t h e  iron containing 9 p.p.m. oxygen.
■It is e v i d e n t  that the i n c l u s i o n s  have f a c e t e d  i n t e r f a c e s .  
A l l  were a p p a r e n t l y  d i s t r i b u t e d  along grain b o u n d a r i e s  
o f  iron, s i m i l a r  t o  t h e  i n c l u s i o n s  shown in Fig. 6 . 5 7 ( c ) .  
They were analysed by s e l e c t e d  a r e a  d i f f r a c t i o n  a n d  shown 
to be iron s u l p h i d e  (Appendix 4 ) .
In ingots containing higher oxygen levels 
(32 p.p.m.) the iron sulphide inclusions (for analysis 
refer to Appendix 4 )  were observed to form as either 
whole or pinched-off envelopes around iron grains as 
shown in Fig. 6 . 5 6 .
With a further increase in the oxygen content 
of the iron the situation became more complex. In the 
iron containing 97 p.p.m. oxygen (ingot 3), two types 
of inclusions were observed:
( i )  G l o b u l a r  i r o n  s u l p h i d e  i n c l u s i o n s  ( a n a l y s i s  i n  
Appendix 4 ) ,  w h i c h  a p p e a r e d  t o  be s i t u a t e d  along i r o n  
grain b o u n d a r i e s  as shown in Fig. 6 . 5 7 ( c ) .  An electron 
micrograph of one s u c h  i n c l u s i o n  i s  given in Fig. 6 . 5 7 ( a ) .  
( i i )  Large, g l o b u l a r  i n c l u s i o n s  o f  s i z e  approximately 
1 - 1 0 ,  as shown in Fig. 6.31(b). The i n c l u s i o n s  w e r e  
randomly d i s t r i b u t e d  throughout the iron m a t r i x  and w e re
Fig. 6.58 Section from ingot 7 ( 2  p.p.m. oxygen
+ aluminium) showing similar iron sulphide 
inclusions to Fig. 6.^6 x 16,000.
( b ) • • • •
Fig. 6.59 Section from ingot U (8 p.p.m. oxygen), 
showing :
(a) Faceted °c -MnS inclusion and smaller, plate-like
-MnS precipitates x 16000.
(b) Distribution of inclusions x 2500
1 3 2 .
m i x t u r e s  o f  two distinct phases which appeared either
s e p a r a t e l y  o r  as a e u t e c t i c - l i k e  m ix tu re . - -  Although
these p a r t i c l e s  c o u l d  n o t  be e x t r a c t e d  from the iron
m a t r i x ,  i n  order to obtain e l e c t r o n  diffraction patterns
of the phases , t h e y  w e re  analysed m i n e r a l o g r a p h i c a l l y ’ 
211 2 2 6 )’ ' . The dark phase was assumed to be iron oxide
rich ( i s o t r o p i c ) , w h i l s t  t h e  l i g h t e r  p h a s e  being iron 
s u l p h i d e  rich ( a n i s o t r o p i c ) .
( b )  Fe-S-Al A l l o y
Small additions of aluminium to the iron-sulphur 
melts (ingot 7 ) » although d e c r e a s i n g  the amount of oxygen 
p r e s e n t  i n  the iron to less than 2 p . p . m . , were found to 
have no apparent i n f l u e n c e  on the shape , s i z e  o r  
d i s t r i b u t i o n  o f  t h e  i r o n  s u l p h i d e  i n c l u s i o n s  compared 
with the inclusions f o u n d  i n  the ingot c o n t a i n i n g  9 
p.p.m. oxygen (Fig. 6 . 5 5 ) ,  as shown i n  P i g .  6 . 5 8 .
( c )  Fe-S-Mn A l l o y s
I n  t h e  i r o n  containing 8 p.p.m. oxygen, the 
s u l p h i d e  i n c l u s i o n s  o b s e r v e d  w e re  found to be f a c e t e d  
(Fig. 6 . 5 9 ( a ) ) .  T h e y  w e re  analysed by s e l e c t e d  a r e a  
d i f f r a c t i o n  as -M nS (s e e  A p p e n d i x  U). As for most
of the iron s u l p h i d e  i n c l u s i o n s  their d i s t r i b u t i o n  was 
wholly intergranular as shown i n  P i g .  6 . 5 9 ( b ) .  Together
Fig_^6.6o Section from ingot 6 (95 p.p.m 
oxygen) , showing a globular 
-MnS inclusion x 1 6,000.
(a)
Fig-. 6.6l Sections from ingot 8 (2 p.p.m. oxygen) ,
showing:
(a) Faceted oC—MnS inclusions and plate-like precipitates 
as in Fig. 6.6o(a) x 20,000.
(b) Large faceted sulphide inclusions x 2000.
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with the faceted inclusions, much smaller, randomly 
situated, plate-like -MnS precipitates were also 
observed (Fig. 6.59(a)).
In the i r o n  containing 30 p.p.m. oxygen (ingot 
5 ) ,  a l l  o f  the cC -MnS i n c l u s i o n s  were f o u n d  as e i t h e r  
whole or p i n c h e d - o f f  f i l m s  around the iron grains, 
s i m i l a r  t o  t h e  i r o n  s u l p h i d e  i n c l u s i o n s  shown in
Fig. 6.5 6.
With a f u r t h e r  i n c r e a s e  i n  t h e  o x y g e n  content «
o f  t h e  i r o n  (9 5  p.p.m,), the cC -MnS inclusions o b s e r v e d  
w e r e  g l o b u l a r  i n  s h a p e  a nd i n t e r g r a n u l a r  (Fig. 6.60).
No m i x e d  o x i d e - s u l p h i d e  p a r t i c l e s  w e r e  noticed.
(d) Fe-S-Mn-Al Alloy
In the ingot containing less than 2 p.p.m. 
oxygen and a small amount of aluminium, the inclusions 
observed were of three types :
( i )  Small, f a c e t e d  oC-MnS i n c l u s i o n s ,  v e r y  s i m i l a r  to 
the ones shown in Fig. 6 . 5 9 ( a )  (Fig. 6.6 1 (a)). These, 
however, were f o u n d  i n  much s m a l l e r  numbers.
(ii) Much smaller, p l a t e - l i k e  «C -MnS p r e c i p i t a t e s  
(Fig. 6.6 1 (a)), as also found in the Fe-S-Mn ingot 
c o n t a i n i n g  8 p.p.m. oxygen (Fig. 6 . 5 9  ( a ) ) .
( i i i )  Large, randomly s i t u a t e d ,  f a c e t e d  i n c l u s i o n s  o f  
s i z e  5 - 1 0 shown in Fig. 6.6 1 (b). These w e r e  fe w  i n
Table 6.2













Fe-S 9 20 Faceted Iron Sulphide
32 20 Film-like Iron Sulphide
97 20 Globular Iron Sulphide
Large Globular Iron Sulphide-t
Iron Oxide
Fe-S-Al 2 1500 Faceted Iron Sulphide
Fe-S-Mn 8 20 Faceted oC -MnS
Plate-like °C -MnS
30 20 Film-like oC -MnS
95 20 Globular cC -MnS
Fe-S-Mn 2 1700 Faceted <*• -MnS
Plate-like A-MnS
Large Faceted * -MnS+
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Fig. 6 . 6 2  Transverse sections from Sn-Zn eutectic
ingots, showing development of a lamellar 
structure with decreasing solidification 
rate :
(a) Ingot No. 2. 2C: R = b.o cm/hr. x 2 5 0 0
(b) Ingot No. 2.3C: R = 1.0 cm/hr. x 2500
(o) Ingot No. 2 .5 0 : R = 0.5 cm/hr. x 2 5 0 0
Etched in ifo JXTital
Fig. 6 . 6 3 Curve showing relationship between \  and R.




_4 -;/ 2 -4­M = 0.80 x 10 cm hr 2
■ -bc = 0.54 x 10 cm
while for the curve obtained by Jones
- h  3/2 - i
M = O.Uy x 10 cm hr 2
(80)
and
-bc = 0.21 x 10 cm.
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number. Selected area diffraction of some extracted 
sections of the inclusions showed them to be a mixture 
of oC -MnS, Y -MnS and Y  -Al^O^ (see Appendix 4) , the
proportion of the oxide being much smaller than that of 
the sulphides. Microscopically, however, Al^O^ as such 
could not be distinguished from the sulphide phases.
A summary of results is shown in Table 6.2.
6.3.1 The Tin-Zinc Eutectic
A preliminary investigation of the Sn-Zn 
eutectic solidified at a temperature gradient of 50°C/cm, 
and at varying solidification rates, was conducted as 
a comparison of a metallic eutectic system to the iron- 
iron sulphide eutectic. Furthermore the possibility of 
obtaining a rod to lamellar transition in this eutectic 
was investigated.
With decreasing solidification rates, the zinc 
phase (minor phase) became more plate-like, in transverse, 
as shown in Fig. 6.62. At solidification rates of 0.5 
cm/hr, the eutectic was close to being lamellar (Fig. 
6.62(c)). Longitudinally the zinc phase was continuous.
Fig. 6.63 shows the variation of inter-plate 
spacing, X  > with growth rate R (a table of results 
is shown in Appendix 8). was found to be a function 
of R such that
A  = MR~^-c (6.3)
where M and c are constants.
Fig. 6.64 Transverse section showing
intersection of two eutectic 
grains. Ingot No. 2.26. 
Etched in ifo N ital x 1250.
135.
Eutectic grains were observed in all specimens, 
decreasing in size with increasing solidification rates.
The grain boundaries could he etched and were also outlined 
by a change in the direction of the longer Sn/Zn inter­
faces as shown in Fig. 6.6k. Within any one grain the 
direction of the interfaces remained constant.
In slightly off-eutectic composition alloys 
it was observed that characteristic haloes of zinc formed 
around primary dendrites of tin, subsequent nucléation 
of the eutectic occurred on the zinc haloes.
SECTION 7
DISCUSSION
7.1 GENERAL MORPHOLOGY AND CRYSTALLOGRAPHY
7.1.1 Crystallography of Eutectic Phases
The crystal structure of the iron sulphide in
all unidirectionally solidified alloys was hexagonal
(NiAs type) with a = 3 .U3A, c = 5.68A and a = 1 . 6 5 6 ^ ^ ^ .
Comparison of the results obtained in the present research
to those of Arnold et al. (^27*228) ancj Toulmin and 
(229)Barton' ' (who have observed the effects of minor
variations in the sulphur content of iron sulphide on
the lattice spacing's) led to an analysis of the iron
sulphide which could be described by the formula Fe_ S,1-x
where x = 0.04.
It has been generally accepted that near- 
stochiometric iron sulphide exists as the above structure 
(pyrrhotite) above 330°C . Below 330°C various
phases have been reported, the most common, however, 
being troilite which has a. hexagonal superlattice structure
o o
with a = 5 .965A and c = 11.758A. This phase was found 
by Albright and Kraft on solidification of iron-iron
sulphide eutectic alloys, apparently under similar 
experimental conditions to the present work. The only
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difference in purity between the materials used In the 
present research and that of Albright and Kraft was 
most probably the oxygen content of the alloys. Although 
not quoted by these authors it will be argued In Section 
7.b that the oxygen content of their alloys was between 
the minimum and maximum content of the present alloys. 
However pyrrhotite was found at all oxygen levels. It 
may also be thought that in the present work the cooling 
rate of the samples, after solidification, was sufficiently 
high to suppress the pyrrhotite to troilite transformation, 
however pyrrhotite was observed in both quenched and 
furnace cooled samples. A further proposal is that 
deviations from stochiometry may influence the trans­
formation, to troilite; pyrrhotite, however, existed in 
both hypo- and hyper-eutectic alloys. The situation is 
more complex since Desborough and C a r p e n t e r ^ 2  ̂ report 
a hexagonal structure with a = 6.89bA and c = bO.l^A 
obtained after quenching iron sulphide. At the present 
no explanation for the disparity of the results obtained 
in this work to those reported by other researchers, can 
be offered. It is evident that further research is 
required.
The iron was assumed to solidify from the 
melt as single crystals with a b.c.c. structure, as 
proposed by Albright and Kraft The absence of
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any possible transformation structures in the iron rods 
supports this assumption. Furthermore, as Albright and 
Kraft point out, it would be impossible to obtain the 
observed b.c.c. texture by a Kurdjumow-Sachs orientation 
relationship, if a transformation took place. The
formation of a b.c.c. structure from the melt requires 
an undercooling of 75°0, i.e. approximately 7•6% of the 
eutectic temperature. This is not unreasonable; under­
coolings in excess of 100°C having been reported in the
( 233)iron-phosphorous eutectic v .
7.1.2 General Morphology
In Section 2.1.2 it was pointed out that the 
only general theory of rod formation is based on a surface 
energy criterion which depends on the volume fraction of 
the phases in the eutectic and the orientation relationship 
between the phases. The theory predicts that for low 
volume fractions a rod-like structure will be favoured.
The present results conform with this proposal, the 
volume fraction of iron in the eutectic being 9 .65%, 
i.e. well below any of the critical volume fractions 
calculated in Appendix 1.
Since the impurity content of the eutectic 
alloys at the lowest oxygen levels was approximately 
107 p.p.m. it seems unlikely that this small amount would 
result in the stabilisation of a rod-like structure rather
A
Fig. 7•1 Schematic transverse sections
showing two types of rod arrays.
It is evident that for equal * 
inter-rod spacing's, the diffusion 
distance from point 0 to a neigh­
bouring rod is much shorter in the 
h.c.p. array than in the cubic array
for h.c.p. array AO = 0.575A. 
for cubic array AO = 0.7071A.
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than a lamellar structure as proposed by Chadwick' . 
Albright and Kraft came to the same conclusion,
however because of the unknown quantities of oxygen In 
their alloys, the force of their criticism is perhaps 
lessened.
The distribution of rods in a matrix has not 
been considered theoretically, although various types of 
array have been p r o p o s e d ^ ’^ ^  . If it is assumed, 
however, that the most favoured array would be one which 
minimises the diffusion distance between a rod and a 
point on the matrix equidistant from surrounding rods 
(point 0 in Fig. 7•l) then it can be easily shown that 
a close-packed hexagonal array of rods would be favoured. 
Both the Pe-Fe^_xSand Al—Al^Ni eutectic systems adopt 
this arrangement, these however are the only two rod-like 
eutectics for which the arrangement of the rods has been 
reported.
(8)
7.2 ESTABLISHMENT OF EUTECTIC STRUCTURES
In this section the nucléation behaviour in 
unicrystalline specimens only will be discussed; 
multicrystalline specimens are deferred until Section 7. 10.
For hypo-eutectic alloys (iron rich) it was 
found that complete "haloes” of iron sulphide formed on 
the primary iron dendrites. The eutectic was subsequently
i ho.
nucleated on these haloes. For hyper-eutectic alloys,
the eutectic was nucleated directly on the primary
iron sulphide (see Section 6,1.2). These results
('93-97)support the proposals of Mondolfo et al. ' 7
that the tendency of one phase to nucleate the other is 
non-reciprocal and that, usually, the more "complex" 
phase (in this case h.c.p. iron sulphide) nucleates 
the less "complex" phase (h.c.c. iron).
The formation of primary iron sulphide even in 
alloys of eutectic composition shows that nucleation of 
iron sulphide will take place, most probably on the 
container wall, before nucleation of the iron.
The initial nucleation of the eutectic on 
the primary iron sulphide occurs by the simultaneous 
nucleation of iron rods at random positions on the 
solid/liquid interface. Generally the distance between 
the points of nucleation is larger than the equilibrium 
inter-rod spacing established during steady state growth. 
Regions high in iron concentration are therefore developed 
ahead of the iron sulphide interface, especially around 
the region 0 shown in Fig. 7.1. To even out the con­
centration distribution of iron and to develop the 
equilibrium spacing nucleation of new rods occurs together 
with some bending and branching of existing rods. The 
latter processes are related since at the point of
(a) 0 0 0
*— X/ — Xi-1*
X 1/>X 2)>X
Vi V
V I T ^
X'l Xs2 X̂  X.
F i g . 7. 2 Schematic longitudinal sections
showing bending and branching 
of iron rods to establish the 
equilibrium inter-rod spacing,A .
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nucleation, if a new iron does not nucleate in a region 
high in iron concentration, existing rods will tend to 
bend and grow towards this region in order to drain the 
excess iron. The process is shown schematically in 
Fig. 7*2, which shows the nucleation and growth of three 
rods, their initial spacings, Ai and A z  , being both 
larger than the equilibrium spacing A  . To attain A  
the centre rod bends towards one of its neighbours, 
thus A, -*• A  . In doing so, however, A 2  is increased, 
leading also to a build up of iron ahead of the iron 
sulphide in the region within A *  . It seems unlikely 
that the centre rod will bend back in order to drain this 
excess iron, however it is possible that a branch will 
form on the centre rod and grow so that A 2  — ^ A  . The 
bending and branching processes will continue until 
A/ = A.2 - A  5 ~ A  . The process is naturally more
complex than shown in Pig. 7*2, since the distribution 
of iron ahead of the centre rod is also influenced by 
four other rods not in the plane of Fig. 7.2.
There has been much speculation about the 
importance of epitaxy, between the nucleating and 
nucleated phases, in controlling the eutectic morphology. 
In Sections 6.1.2 and 6.1.10 it was shown that in one of 
the eutectic specimens the ^lolo} direction in the primary 
iron sulphide was not parallel to the growth direction at
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the point of eutectic nucléation (during equilibrium 
growth, growth direction // ̂ 1010^ Fe^_xS). Nucléation 
of the iron resulted in spherical iron particles (Fig 
6.7). With continued growth, however, the ^ 1 010^  
direction of the sulphide gradually rotated into 
parallelism with the growth direction, this was 
accompanied by renucleation and gradual lengthening 
of the iron rods in the growth direction. A possible 
explanation is as follows. The fibre directions of 
the iron rods were a mixture of ^100^, <^110^ and ^ 1 1 1 }  .
it is assumed that nucléation of the iron on the iron 
sulphide favours the alignment of these directions with 
the ( 10Ï0/  direction in the sulphide, then if the latter 
is not parallel to the direction of heat flow the former 
will also not be so. Growth conditions are therefore 
unfavourable and the rods pinch off. With the gradual 
alignment of the ^1010^ with the heat flow direction, 
the ^ 1 00}, ^1 lC>y and ^111^ directions in the nucleated 
iron also become parallel to the growth direction and the 
rods are able to grow to their maximum length (l000-1100/£C) . 
The above process is similar to the breakdown of a lamellar 
structure when lamellae are forced to grow out of their 
favoured growth direction ^  #
The mechanism of solidification in hypo-eutectic 
alloys is more complex than for hyper-eutectic alloys.
Iron
Fig. 7*3 Schematic longitudinal section 
showing growth of hypo-eutectic 
alloy. Broken line is equivalent 
to section shown in F i g . 6.8. .
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For these alloys it is proposed that since iron does 
not nucleate iron sulphide, branched iron dendrites 
grow a considerable distance into the melt, growth 
taking place both longitudinally and laterally leading 
to the entrapment of an iron sulphide-rich liquid within 
the interdendritic spaces. Subsequently iron sulphide 
haloes form on the iron dendrites; the eutectic then 
nucleates on these haloes and grows in an irregular 
fashion, the iron rods advancing rapidly from all 
points on the halo. The final structure resembles the 
as cast eutectic structure. Fig. 7.3 shows the process 
schematically. Random longitudinal sections (Fig. 6.8) 
may be misleading unless the sections coincide with the 
spine of the iron dendrite. The broken line in Fig. 7.3 
representing an equivalent section to that shown in 
Fig. 6.8.
7.3 DISCONTINUITY OF THE IRON RODS AND THE FAULT 
STRUCTURE
It is necessary to consider these topics together 
since it will be argued that they are two aspects of the 
same structural feature.
A faulted structure is characteristic of the 
iron-iron sulphide eutectic. In a rod-like eutectic 
a fault has been defined as the presence or absence of
Ikk.
a rod from the regular close-packed hexagonal array
( 27)observed in cross section' . During the steady
state growth of the iron-iron sulphide eutectic, it 
may be supposed that new iron rods are nucleated at a 
constant average rate at sites on the interface between 
existing rods. Presumably the most favourable sites 
for nucleation would be positions on the iron sulphide 
matrix equidistant from neighbouring rods (point 0 in 
Fig. 7 • 1 ( s l)  )  t since the local concentration of rejected 
iron should be highest at such sites. Nucleation at a 
particular site presumably occurs because of local 
short range random fluctuations in concentration. The 
growth of a new rod would disturb the local distribution 
of iron in the liquid ahead of the interface and on average 
would be expected to cause one nearest neighbour to 
terminate. In this way the faulted array of the form 
observed would be obtained. In any cross section the 
proportion of vacant sites can be taken as the ratio 
of the average longitudinal gap length to the average 
length of the rods. If it is assumed that each termination 
is associated with the initiation of a new rod, then the 
estimated fault density is given by:
2 x (Number of rods/cm x Proportion of
vacant sites). (7 • l)
Estimates of fault density were made in this way for a numb
of cases, and all agree with measured values within a
Table 7.1














6 .4 1100 30 11.652 73.65 4.0 6.0
6. 2 980 30 7.346 185.31 16.0 25.0
9.2 1090 18 5.340 350.8 11.0 11.0
9.3 1085 19.5 ' 4.411 513.9 18.0. 16.0
9.4 1090 24 3.890 661.0 28.0 24.0
10.2 1020 30 7.550 175.3 10.0 9.0
10.4 1005 23 4.730 44 6.9 20.0 17.0
13.2 1045 23 3.650 750.8 32.0 25.0
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factor of two as shown in Table 7.1. This is considered
reasonable in view of the large errors involved in
measuring fault densities. It is therefore concluded
that the observed terminations of the iron rods are
equivalent to negative faults and that each termination
is associated with a positive fault.
The process of fault formation described might
be expected in any rod—like eutectic where the rods are
nucleated by the continuous phase as in the present case.
It appears that the bismuth-silver system is the only
other eutectic meeting these conditions that has been
• (57) . .described and in this case the rods were discontinuous,
although some branching“ was also reported.
For rod—like eutectics where the rods are not 
nucleated by the matrix, faulting must occur by some 
other mechanism such as branching. The necessary 
information is available for only two such systerns
3-nd Sn—Ag Sn) and in both instances the rods are3
described as continuous and branched. Furthermore in 
the Sn-Zn system where the Zn phase (minor) nucleates the
Sn phase, the zinc rods have also been described as
, . (237)continuous v 7 .
For a constant temperature gradient the fault 
density is directly proportional to the solidification 
rate as shown in Fig. 6.13. Lemkey et al. for the
14 6.
A.l-Al^Ni rod-like eutectic also report an increase in
fault density with solidification rate, although only
two values are quoted. For equivalent solidification
rates, fault densities obtained in the present work were
of the same order as those obtained by Lemkey et al.
(  2 2 )Yue ' 7 also reports a direct proportionality between
fault density and solidification rate in the lamellar 
Al-Mg eutectic. No other results of fault density 
measurements has been published.
A possible explanation for the relationship 
between fault density and growth rate is as follows.
If it is assumed that the probability of nucléation of 
new rods at sites referred to above is independent of 
growth rate, then it follows that the fault density 
will be proportional to the number of possible nucléation 
sites or triangular units as shown in Fig. 7.1 (a).
0
Since Area of unit = Y 2  A
4
therefore No. of units (or nucléation sites)/cm2 = 4
also \ ^  = NR (see Section 6.1.6).
2therefore No. of nucléation sites/cm* ' = / (r ) • 
and similarly fault density = ^( r ) .
In support of the above argument is the 
observed increase in fault density with increasing oxygen
V I A 2
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content (see Fig. 6.13), for constant solidification 
rate and temperature gradient. This is expected from 
the decrease in inter-rod spacing with increasing 
oxygen content (see Section 6.1.7 and 7*6)• The 
effect of oxygen on fault density is difficult to explain 
in any way other than the above.
An objection to the above proposal is that 
for constant growth rate the average spacing of the 
rods decreases with increasing gradient (see Section 
6.1.6), so that the number of potential nucléation sites 
increases^as has been argued above for the effect of 
growth rate. Hence it might be expected that fault 
density would increase with increasing gradient ; in 
fact the reverse is true, an observation also reported 
by O'Hara and Hellawell . However it has been 
established^ ^ ^  ̂ that increasing temperature gradient
increases the convention currents ahead of a solid/liquid 
interface. It must be expected that this would cause 
more efficient mixing in the layers adjacent to the 
interface, therefore reducing the likelihood of local 
coneentrations of iron causing nucléation of new iron 
rods, and resulting in a more »perfect" eutectic structure.
In Fig. 6.13 (fault density VsR), extrapolation 
of one of the curves shows that a negative fault density 
exists at R = 0. This is of course not possible. It
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must be assumed that the large scatter of fault 
measurements observed especially at the higher density 
values, was responsible.
7.4 DEVELOPMENT OF FACETED INTERFACES AND EFFECTS 
OF OXYGEN
Eutectic alloys containing low quantities of 
oxygen ( 46 p.p.m.) and solidified at temperature 
gradients of 50°C/cm resulted in rod-like eutectic 
structures in which the iron/iron sulphide interfaces 
were faceted (see Section 6.1.5)• These observations 
are in contradiction with those reported by Albright 
and Kraft , who found only round iron rods. From 
the present results it must be assumed that the alloys 
used by Albright and Kraft contained more than 46 p.p.m 
oxygen, although the authors do not quote any estimate 
of the oxygen contents, since only above this value the 
iron rods became rounded; furthermore Albright and 
Kraft obtained a cellular structure throughout their 
specimens under suitable growth conditions, whereas in 
the present work a completely cellular structure was 
obtained only at oxygen contents above approximately 
35 p.p.m. The faceted interfaces were parallel to 
certain, low index planes in the iron sulphide ({000lj
Fig. 7 . Schematic longitudinal sections
showing proposed shape of solid/ 
liquid interface for
(a) alloy containing low amounts of oxygen;
(b) alloy containing high amounts of oxygen.
Fig, 7»5 Schematic transverse section 
showing- faceted "hole" in the 
iron sulphide.
LIQUID
Fig, 7*6 Schematic longitudinal section
showing possible shape of iron 
sulphide/liquid interface.
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and ¿1212J), however no crystallographic relationship
was found between the interfaces and the iron rods.
This is taken to show that the faceting is dependent only
on the orientation of the matrix. To explain the formation
of the facets, the following growth mechanism is proposed.
Following their nucleation the iron rods grow both
longitudinally (in the heat flow direction) and laterally.
Concurrently the iron sulphide forms a faceted "hole",
the faces of which correspond to {OOOlJ and ¿1 2 1 2}
planes. To form a coherent boundary the iron phase
progressively fills the available space, and the
resulting iron rods thus appear faceted. During the
formation of the "hole", however, the ¿0001j and ¿1 2 1 2 }
faces do not grow as such, being parallel to the heat
flow direction, rather they are generated by growth of
other planes having growth components in both the ^0001^
and ^1212^ directions and the ^ 1010} direction. Figs.
7.4 and 7.5 show schematically the proposed growth form
of the solid/liquid interface. The indices assigned to
the planes are hypothetical, apart from the planes
bounding the final form of the "hole" in the matrix,
and are based on the reported growth habits of natural
(238) ,phyrrotite. Tn Fig. 7.4 the iron is shown leading the
matrix; this was concluded from the considerations
(12 13)proposed by Davies v , 7 . Tn principle the above
1 50.
proposals might be verified by quenching a partly solidified 
specimen in order to examine the solid/liquid interface. 
Attempts to do so, however, always shattered the ingots 
into fragments too small to allow observation.
The above proposal implies that the iron 
sulphide grows with a faceted solid/liquid interface.
In Section 2.3 it was discussed that the form of a solid/
liquid interface will depend on the parameter_ .  (82- 86)
cC ~ Lf (
Materials with L^/RT^ ̂ 2 solidify with a rough interface, 
materials with L^/RT.^ ̂  4 solidify with a smooth and 
faceted interface. However the solidification behaviour 
of materials with intermediate Lf/RT^ values depends on 
S • For iron sulphide Lf/RTE=2.66, which may be compared 
with bismuth (2.43) and gallium (2.22), both of which 
solidify with a faceted interface. The behaviour of iron 
sulphide will depend on the value of i  , and the value to 
be used for iron sulphide, which has the rather complex 
NiAs structure, is not clear. However the value of 
making cC approximately 2 (0.75) is reasonable. Furthermore 
in the low-sulphur alloys (see Section 6.2) it was found 
that iron sulphide inclusions formed from the melt were 
clearly faceted in alloys containing low oxygen levels 
(9 p.p.m.). These observations support the proposal that
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high purity iron sulphide solidifies with a faceted 
solid/liquid interface.
If the above proposal is accepted, it is in
contradiction to Hunt and Jacks on who concluded that
eutectics in which one phase grows with a rough interface
and the other phase grows with a faceted interface will
result in irregular structures, however a number of
(43 52,57,87)exceptions to this proposal have been observedv ’ <
The only tentative explanation for these exceptions has 
been tentatively made by Hunt and Hurle ̂ ' who proposed,
without experimental justification, that if the interface 
of a material is concave with respect to the solid, facets 
will not form even if oC } 2. They also assume that for 
a concave interface, re-entrant facets should not form 
at the solid/solid/liquid junction. This contradicts the 
present proposal of facet formation. It is possible, 
however, that facets may form at the solid/solid/liquid 
junction and still maintain a concave iron sulphide/ 
liquid interface as a whole as shown in Fig. 7.6. It 
is evident that only by actual observation of the solid/ 
liquid interface, a conclusive proposal may be made.
With increasing oxygen contents the interfaces 
become progressively rounded until at 70 p.p.m. no faceting 
is detected. The influence of oxygen on the growth of 
the iron sulphide is tentatively explained by suggesting
Addendum to Section 7.5
It has been recently suggested- that temperature 
cycles within a furnace will affect the solidification 
rate of a specimen so that
R (true) R + R (cycle)
where R = rate of furnace travel,
and R (CyCie ) = additive solidification rate due to
R (cycle)
furnace cycling, 
is of the order of
R AT cm/hr.(cycle) ~ TG
• where AT = twice the amplitude of the cycles (°C), 
T = period of the cycle (hours)
and G = temperature gradient (°C/cm)
In the present work R (cycle) is of the order of 0.03 
to 0.01 cm/hr (depending on the temperature gradient) and 
it is therefore felt that it would have a negligible 
effect on the constants n and a in eguation 7.1.
It was further suggested that the higher fault 
density observed at lower G is greater (see Fig. 6.13) 
because the value of R (CyC]_e ) is greater for lower G. 
Calculations have shown, however, that the difference in 
the fault densities.of specimens from the series 6.x and 
9.X, at R = 4.0 cm/hr, caused by differences in R,(cycle)
is less than 1 x 104 faults/cm , whereas the observed
4 2difference was 84 x 10 faults/cm .
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that oxygen is concentrated at the solid/liquid 
interface and affects ^  in some way so that the 
sulphide solidifies with a "rough", non—faceted 
interface as shown schematically in Fig, ? . U (b) .
The iron sulphide inclusions observed in low-sulphur 
alloys containing higher oxygen levels (32 p.p.m.) 
also showed no faceted interfaces.
7.5 THE EFFECTS OF SOLIDIFICATION RATE AND 
TEMPERATURE GRADIENT ON THE EUTECTIC 
MICROSTRUCTURE
At constant oxygen levels and temperature 
gradients, G, the relationship between inter-rod 
spacings and solidification rate, R, was
A  = n R~* -a (7.1)
The equation is of the form that has often been
obtained experimentally for both lamellar and rod­
, . .. (4,20,22,27,30,4^) , „ ...like eutectics' 7 and conforms with
^ , . .. (2,28,65,70) „ „theoretical expectations x 7 . No further
discussion is therefore needed. Of interest, however, 
is that in calculating values of /\ , 150 individual
measurements were taken (100-150 individual measurements 
being usually quoted for example see reference (27)). 
These resulted in a 99•9% confidence level and a 0.05
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standard error of the mean (see Section 6.1,6). For 
the present work this accuracy is not warranted and 
unless it is assumed that the variations in inter­
rod spacing's in the iron-iron sulphide eutectic are 
much smaller than in other systems, the mean of only 
50 measurements would result in sufficiently accurate 
values of A  (50 measurements result in 0. V *  standard 
error) .
The variation of A  with temperature gradient
has been noted in only the Al-Si eutectic . Yue
however, has reported no effect on \  for gradients of
9 to 50°C/cm, in the Al-Mg eutectic, and Jaffrey and
. (223 )Chadwick' 7 also report no effect at gradients of 30 
to 160 C/cm, in the Sn-Zn eutectic. Furthermore the 
effect is not predicted by any current theoretical 
treatments.
Day and Hellawell^81  ̂ have suggested that, 
in the Al-Si system, the effect of gradient on the 
spacing is related to its effect on the lead-lag ,
distance between the phases. Since higher gradients 
decrease the lead-lag distance, then a smaller amount 
of the leading phase will he exposed to the liquid and 
a smaller amount of solute will he rejected by it, thus 
favouring smaller spacing (see Section 2.2.2). The 
effect of gradient on the lead-lag distance, however,
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has only been shown for the Al-Si eutectic, in which
( 1 2 )the distance is large. DaviesK ' has proposed an 
approximate expression for the lead distance, based 
on the volume fractions of the phases and the slopes 
of the liquidus lines in the phase diagram. Using this 
analysis the lead distance of the silicon (cc phase) 
over the aluminium was calculated as 1.7 A  «t (where A<=c 
is the thickness of the oC phase). Similarly the 
lead distance of the iron (oC ) over the iron sulphide 
was calculated as 1.93 Aoc* Although in the present 
work this distance could not be verified experimentally, 
since the specimens shattered on quenching, it is 
possible that for the present system a similar explan­
ation to that of Day and Hellawell could explain the 
observed effects of gradient on inter-rod spacings. 
Whereas for the typical metallic systems studied by 
Yue^22) and Jaffrey and C h a d w i c k i t  is possible
that the effects of gradients are negligible since,
(k8)as explained by Hellawellv ', the lead-lag distance 
between phases is very small (see Section 2.2.2).
At low solidification rates and/or high 
temperature gradients the rod-like eutectic structure 
became plate-like (Section 6.1 .6), although the average 
cross sectional area and length of the rods did not 
change. The transition was gradual and the lengthened
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facets were always parallel to ¿000l} planes in the 
iron sulphide. Similar transitions have been observed
in the rod-like Al-Al^Nif (27) (237)and Sn-Znv~'"/ eutectics.
Since the volume fractions of the phases in all three 
systems are approximately equal (Vol.fiFe=9• ,  Vol.fi 
Al^JNTi=9.93 > Vol ,fiZn=9 • 2) , it is evident that the 
transition depends on some unknown inherent property 
of the individual system other than the volume fractions 
of the phases. At the present no explanation for 
these transitions can be given. However since in all 
cases the orientation relationships between the phases 
remain constant for both rod-like and plate-like structures 
(in the iron-iron sulphide eutectic no relationship 
exists in either case), it seems that the transition 
is not due to differences in the interfacial energies
(i z
of the structures as has been assumed by some authorsv ^ ’
32 47)' . However it is also not evident why the rods
should lengthen parallel to only one set of crystallo­
graphic planes to form plates, as in the present work: 
lengthening takes place parallel to fo O O lJ  planes in 
the iron sulphide.
The formation of a plate-like structure was 
observed at all oxygen levels. At low oxygen contents 
the plates develop six faceted interfaces, corresponding 
to the hexagonal interfaces of the rods (see Section 
7.4). With increasing amounts of oxygen, however, the 
shorter interfaces become rounded, as for the rod-like
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structure. The rounding1 of the longer interfaces is 
not apparent because of geometrical considerations.
The formation of a globular structure
throughout specimens which solidified under steady
state growth condition and at maximum solidification
rates and temperature gradients and minimum oxygen
(?)contents supports the proposal by Tillerv ' that 
this structure may be formed in eutectics in which 
repeated nucleation of one phase is possible and in 
which the interfacial energy of the phases is high 
(see Section 2.1.4). Both of these conditions are 
met in the present system since, as will be discussed 
in the following section, a minimum oxygen content 
results in maximum interfacial energy. These experiments 
have shown that a globular structure may be obtained, 
in the iron—iron sulphide eutectic, under extreme 
growth conditions. A more detailed study of this 
structure would be of interest to future work:.
7.6 EFFECT OF OXYGEN ON INTER-ROD AND 
INTER-PLATE SPACING
The present results show that for constant 
solidification rates and temperature gradients, 
decreasing amounts of oxygen result in increasing 
inter-rod and inter-plate spacings (see Figs. 6.27 and
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6.28). The only other description of the effect of
trace additions on eutectic spacing's is the recent
( 223) .account by Jaffrey and Chadwickv y who studied
the effects of small additions of lead on the spacings
of the Sn-Zn eutectic and found an increase in A
with increasing amounts of lead (although only two
concentrations of lead were used) . These authors
tentatively explained the effect by suggesting that
the liquid diffusion rate may be increased slightly
by the presence of certain impurities. By liquid
diffusion rate it is assumed that the authors meant
the diffusivity of the eutectic components in the
liquid. There is no experimental evidence which justifies
the above assumption, since usually diffusion coefficients
in the liquid are assumed to be approximately constant
for all systems. Furthermore the 25$> (approximately)
change in spacing, warrants an equivalent change in
the diffusion coefficient; such a change seems unlikely.
In the present work the influence of oxygen
is presumed due to its influence on the Fez _ . v/(solid;'
Fei_xS (solid) interfacial energy, . All theoretical
calculations of spacing result in expressions of the
form A  Rn  = f(A X 6*0 ) (2’28’6U’65,70) ^s e e  S e o t i o n  2 . 2 . 2 )
where A and n depend on the constants for the particular
Fig. 7 . 7  Curve showing variation of
relative interfacial energy
for Fe / - . ,n /Fe. S, n . *(solidJ/ 1-x (solid) '
interface with oxygen content. 
Estimated from variation of 
inter-rod spacing.
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eutectic system. For the present system
A  = f (A x G1Z/9 ) •
Assuming that minor variations in the oxygen content 
do not have a significant effect on A, it is possible 
to plot the change in the interfacial energies of the 
alloys at the various oxygen levels relative to the 
interfacial energy of the least pure material (98 p.p.m. 
oxygen). This is shown in Fig. 7-7* The calculated 
values of the relative interfacial energies are given 
in Appendix 7* With increasing oxygen content the 
relative interfacial energy decreases rapidly, reaching 
a plateau at approximately 46 p.p.m. oxygen. The energy 
remains constant between 46 and 67 p.p.m. oxygen, and 
at higher contents further decreases.
It is of interest to compare these curves
with those obtained for the effect of traces of
impurities on grain boundary energies and surface
energies for single-phase materials (see Fig. 3.1 in
Section 3). In each case the form of the curves is
similar to that of Fig. 7.7, i.e. the interfacial
energy falls steeply to a plateau for small additions
of solute. In the results obtained by Jaffrey and 
( 223)Chadwickv , on the effects of Pb on the Sn-Zn eutectic,
however, the opposite effect was observed, i.e. increasing 
quantities of lead resulted in increasing interfacial
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energies. If this effect is real, the results are 
contrary to all previous observations on the effects 
of traces of impurities on interfacial energies, 
and at present no explanation for this unexpected 
behaviour can be offered.
Assuming that the added oxygen is substan­
tially present at the phase boundaries as spherical 
atoms, evenly distributed over the interface, the 
oxygen concentration at the beginning of the plateau 
was estimated to be about 0.15 monolayers of oxygen. 
This value is comparable to that obtained by Hondros 
for phosphorous at the grain boundaries of ̂ -iron 
(0.25 monolayers) and oxygen at the surface of
£ -iron (0.25 monolayers) (see Table 3•l) •
Although this estimate is only approximate, it further 
supports the general proposal that the influence of 
an impurity on the interfacial energy of boundaries 
between different solid phases is similar to that of 
single phase interfaces.
As discussed in Section 3 no quantitative 
details of interfacial energies for two-phase systems 
are available, however, it has been assumed that a 
further chemical term might effect the interfacial 
energy, together with the lattice disregistry effect
(169)described by McLean. Although the present results do
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not clarify the problem, it is possible that the 
further decrease of energy found beyond 67 p.p.m. 
oxygen may be a special feature of two—phase alloys.
7.7 THE CELLULAR STRUCTURE
The formation of a cellular structure (see 
Section 6.1.8) related to the solidification variables 
(temperature gradient, G, solidification rate, R, and 
oxygen content,(Co) through the expression
G
/r  / a  Co (7.2)
is in agreement with the extensive results for 
lamellar eutectics (see Section 2.6). The present 
results however appear to be the first detailed 
account for a rod-like structure, although Albright 
and Kraft noticed the formation of cells in some of 
their structures .
The observation of a transition zone, in which 
the specimens contain a planar interface at the 
beginning of their solidification, and a cellular 
interface at the end, is also usual in all eutectics
which contain a small amount of impurities > 73 > 7^,
92,126) ' ^ 3  often been pointed out that this
is due to the continuous rejection, by the eutectic 
phases, of the impurity element and the gradual 
enrichment of the remaining liquid until the condition
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in equation (7*2) is satisfied.
The typical fan-like arrangement of the 
eutectic phases near cell boundaries, as described 
for lamellar eutectics , was also evident In
the present system (see Fig. 6.30). Because of the
geometry of a rod-like eutectic, the rods bent at the 
vicinity of all cell boundaries, unlike lamellar 
eutectics which cannot bend In planes parallel to 
the lamellar interfaces ,
Furthermore little breakup of the eutectic 
structure was observed near cell boundaries, as is 
common In lamellar eutectics. This is expected since 
for lamellar eutectics it has been suggested that 
their instability is due to the inability of the 
phases to establish a simple orientation relationship 
whereas in the iron-iron sulphide eutectic no orientation 
relationship between the phases exists. As will be 
discussed in the following section, the iron rods do 
break up when caused to bend so that their radius 
of curvature is small. The bending of rods at cell 
boundaries, however, is very gradual, their radii of 
curvature being large.
The observed decrease in cell size with 
increasing temperature gradient or solidification 
rate supports previous observations in single phase
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alloys (1^1, ll̂ 3’ 15°> 151) and the oniy other study of
(154) . , „ .. (143)eutectic systems' ' . Tiller and Rutter
suggest (see Section 2,6) that increasing solidifi­
cation rate will decrease the time available for the 
solute to diffuse from the cell tips to the boundaries 
and thus a shorter diffusion distance (i.e. a smaller 
cell size) is favoured. Furthermore, increasing 
gradient decreases the constitutional supercooling 
ahead of the interface and therefore decreases the 
extent to which a cell projects into the liquid, this 
in turn decreases the lateral diffusion gradient, the 
lateral diffusion distance and therefore the cell size.
The observed decrease in cell size with increasing 
oxygen content is similar to the effect of silver
and copper additions on the cell size in the lamellar
(154)Al-Zn eutectic' . Following the account of single
(143)phase materials given by Tiller and Rutter' y , it
is suggested that the increasing amount of solute
in the alloy must be accommodated at the cell boundaries
by an increase in cell wall area per unit area and
therefore a decrease in cell size.
(155 156)Gruzleski and Winegard' ' have discussed
the various types of imperfections which might nucleate 
an interface instability in a lamellar eutectic (see 
Section 2.6). In the present research it was also
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found that cells Invariably formed most readily at the 
surface of the specimen or at grain boundaries in 
multicrystalline specimens. These sites are favoured 
because of their geometrical characteristics. Once 
the first cell protruberance forms, it triggers off 
the development of new protrusions around the original 
one until the whole of the interface is cellular, 
similar to the development of a cellular interface 
in dilute single phase alloys as shown in Fig. 2.11.
The observed nucleation of new cells during 
the solidification process and the existence of less 
well-developed boundaries within cells, as also 
observed by Gruzleski and ¥inegard^^^ , appear to 
be characteristic features of eutectic cell growth, 
however, at present it is not known why these 
features should develop.
7.8 "SPECIAL" EUTECTIC STRUCTURES 
7.8.1 Banding
Banding has been discussed in detail, by
various authors, for both single phase and eutectic
-- (28,59,l40,240-242) ^alloys v ' and it seems agreed that
this phenomenon results from temperature fluctuations
or changes in growth rate which cause changes in
composition at the solid/liquid interface. If these
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changes are too great to be accommodated simply 
by a change in the spacing of the phases, then one 
of the phases will overgrow and pinch off the other 
phase and a new spacing is established. The present 
results support these proposals (see Section 6.1.9)• 
Theoretical considerations, however, do not predict 
which phase will form the band in alloys of eutectic 
composition. In the present system, bands of iron 
sulphide usually formed, however, in one specimen 
iron bands were observed. The specimen was solidified 
at higher temperature gradients and lower growth rates 
than the others. It is not clear why solidification 
conditions should affect which phase forms the band.
In one of the specimens it was observed that 
the growth axis of the iron rods after the band was 
at a slight angle to that of the iron rods prior to 
the band (Fig. 6.3 6(b)). The band, however, was 
very close to the end of the ingot and the interface 
of the specimen was not symmetrical. It is thought 
that the change in direction of the rods was due to 
a change in the direction of growth of the specimen.
7.8.2 Bending of Iron Rods and Mixed Dendrite-
Eutectic Growth
In Sections 6.1.2 and 6.1.9 it was pointed out 
that in hypo-eutectic alloys (iron rich) mixed
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dendrite-eutectic growth occurred and delayed the 
establishment of an equilibrium eutectic structure, 
whereas in most hyper-eutectic alloys (iron sulphide 
rich) nucleation of the eutectic occurred on a 
usually planar interface. However, hyper-eutectic 
alloys grown at higher growth rates and lower temperature 
gradients also resulted in mixed structures. The 
effects of solidification variables have been described 
by Mollard and Flemings 9 ̂ 43) and Jackson et al.
These authors explained this growth behaviour in terms 
of the relative speeds of growth of dendrites and 
the eutectic interface. It was shown that at Low 
gradient and higK rates, the dendrites grow faster 
than the eutectic and therefore a mixed structure is 
obtained. For the opposite growth conditions, only 
a eutectic structure would be obtained. The present 
results are in general support of these proposals 
however they further stress the importance of the 
nucleation behaviour of the eutectic phases in 
determining the structure. For hypo-eutectic alloys, 
since the iron does not nucleate the eutectic, the 
iron dendrites grow a considerable distance into 
the melt before the eutectic solidifies. Mixed growth 
occurs, therefore, under less extreme growth conditions. 
Whilst in hyper-eutectic alloys, since the iron sulphide
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nucleates the eutectic, both dendrites and eutectic 
form almost simultaneously and the resulting structure 
is determined by the above proposals.
Bending of iron rods was occasionally observed 
during the steady state growth of the eutectic, in 
which no detectable obstacle was present. Most 
commonly, however, the bending of rods was associated 
with an obstacle, such as a dendrite, to eutectic 
growth.
The growth behaviour of the eutectic as it 
approached either an iron sulphide or an iron dendrite 
differed (see Section 6.1.9)• For the thinner iron 
dendrites, in order to surmount them, the iron rods 
have to bend sharply through a small radius of 
curvature, consequently a degenerate structure is 
obtained. Whilst the bending of the iron rods required 
to surmount the thicker iron sulphide dendrites is 
much more gradual (larger radii of curvature) and 
the iron rods remain continuous. Similar results 
were obtained by Chadwickv y (Section 2.52), for 
eutectic growth around inserts of various radii of 
curvature. It is evident that if the eutectic phases 
are caused to bend sharply from their growth direction, 
the structure is unstable and breaks up. However, to 
explain the effect a knowledge of the heat flow patterns
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and the orientation of the eutectic phases around 
the obstacle are required.
7.9 ORIENTATION RELATIONSHIPS
The preferred growth direction of the iron 
sulphide phase, i.e. <^1010^, has often been observed 
in other eutectic systems in which one of the phases 
is h.c.p. (see Table 2.5). This direction has also 
been found in crystals of h.c.p. materials grown 
dendritically (see Table 2.4), although, where a 
planar interface is established, the preferred 
growth direction is ^0001^. With eutectics in which 
the phases establish an orientation relationship, 
differences between the favoured growth directions 
of the eutectic phases and the single phases must 
be expected. However, in the present system no 
orientation relationship exists, so that it might be 
anticipated that the pure materials would have similar 
preferred growth directions to the separate eutectic 
phases, and indeed the growth direction of pure iron 
sulphide was found to be <^1010^.
The development of a preferred growth direction 
occurred by the initial nucleation of randomly oriented 
grains from which one emerged, by competitive growth,
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having the favoured growth direction, as has been 
previously observed in both single phase and eutectic 
crystals (see Section 2.5)» Since the process of 
selection usually occurred over a very short distance 
(<̂ 2mm) , it may be assumed that the orientation of one 
of the initial grains was usually close to the preferred 
orientation. In one case, however, it was noticed 
that the emerging grain did not have a <̂ 1010 >̂ 
direction, apparently because none of the initial 
nuclei had growth directions close to ^1010}. In 
this case it was shown that the ^lOloJ^ direction 
gradually rotated into parallelism with the growth 
direction during solidification, the rate of rotation 
being approximately 20°/cm. The bending of a crystal 
lattice to establish a preferred growth direction 
has been previously observed for single crystals of 
both pure metals and eutectics ^30,137) ̂
These observations, however, contradict those of 
Chalmers (^9 > 115 > 116) fQT single phase materials.
The cause for these disparities is not known.
The situation was more complex in the iron 
phase. At low solidification rates, the fibre axis 
of the iron rods was found to be a mixture of <^100^, 
<110> and ^111^. However with increasing growth 
rates a progressive reduction in ^100^ and <^111^
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directions was observed, and at rates greater than 
3 cm/hr a single <^110^ direction was found, (see 
Section 6.1.10 and Appendix ll). All three directions 
have been observed separately in eutectic systems 
in which one of the phases was b.c.c. (see Table 2.5)« 
However Albright and Kraft found only a ^100^
direction in the iron-iron sulphide eutectic solidified 
under equivalent growth conditions to the present work. 
The cause for this difference is not known.
Since repeated nucléation of iron rods occurs 
during the growth of the eutectic, it is necessary 
to consider how the observed orientations of the 
rods arise. It may be supposed that random nucléation 
of the iron rods occurs, followed by a lattice 
rotation into the favoured direction, similar to iron 
sulphide. However, since very few areas of unexplained 
diffraction were observed in specimens which did not 
contain cells, if a lattice rotation does take place 
it does so over a very short distance and it is 
thought that this explanation is most unlikely.
Another possibility is that embryos of all orientations 
are formed on the matrix and that the faster growing 
orientations survive while other embryos disperse.
It is possible also that an epitaxial relationship 
between the nuclei and the matrix assists or dominates
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this process by forming embryos with low index 
directions aligned parallel to the growth direction. 
There is some evidence for epitaxy which has been 
discussed in Section *7.2 (pp. lUl-lU2) .
More accurate proposals could be made by 
examining the orientation of individual iron rods.
In principle this could be achieved by selected area 
electron diffraction of extracted fibres. The 
extraction of complete rods proved extremely difficult 
without bending of the rods. Furthermore the rods 
are too thick to allow the passage of an electron 
beam and thinning processes were not practical. An 
electron probe microanalyser was used in an attempt 
to obtain Kossel lines from individual rods #
However no lines were obtained. This might have been 
due to the inability to accurately position the electron 
beam on the rods using the light optics, the rods 
being too thin. Furthermore the technique requires 
strain free samples. It is therefore possible that 
excessive strain, caused by the differential thermal 
expansion and contraction of the eutectic phases, 
existed. This was further supported by the fact that 
no lines were obtained even from the iron sulphide 
matrix.
At low growth rates it appears that rods
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having all three favoured growth directions parallel 
to the growth direction develop equally. However, 
it is assumed that at fast rates of solidification, 
the crystallographic direction capable of fastest 
growth is favoured (supposedly <̂ 110̂ >) , and embryos 
oriented in the other two directions will disperse.
In specimens containing a cellular structure, 
scattered areas of diffraction were obtained. It is 
possible that these are due to iron rods which were 
bent at the cell boundaries.
7.10 MULTICRYSTALLINE SPECIMENS
During the solidification of the iron-iron 
sulphide eutectic two types of grains are formed as 
described in Section 6.1.11. At solidification rates 
cm/hr and temperature gradients ^80°C/cm, grains 
are formed in which the iron sulphide lattice is rotated 
through a random angle, with respect to each other, 
about the growth direction (i.e. a <(1 0 Ï 0 direction).
The grains are outlined by a more or less continuous 
film of iron. Alternatively at solidification rates 
^2 cm/hr and temperature gradients ^80°C, grains are 
formed in which the iron sulphide lattice, in adjoining 
grains, is rotated about a <^1010^ direction through 
only a few specific angles. These grains are not
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outlined by iron.
The development of multicrystalline specimens 
at higher rates of furnace withdrawal and temperature 
gradients could be due to a higher undercooling of the 
melt. Under these conditions a larger number of nuclei 
would be expected to form, as is observed, and therefore 
the probability of more than one grain having approximately 
the favoured growth direction is increased. Subsequent 
growth of all such grains then occurs, stifling the 
growth of other, less favourably oriented grains (see 
Section 2.5)• Since the grain boundaries were found 
to be continuous in both primary iron sulphide and 
eutectic, it is evident that the nucleation behaviour 
of the major phase determines the number of eutectic 
grains developed. This is expected since in the present 
system the major phase also nucleates the eutectic.
Since the iron sulphide in all grains has the same 
crystallographic direction aligned in the direction of 
growth, as for the unicrystalline specimens (<(lOlo)) , 
orientations in adjoining grains must therefore appear 
as random rotations about this direction. An interesting 
observation was that in one of the grains the growth 
direction of the sulphide was not initially <̂1010^>, 
however with continued growth, this direction rotated 




Fig. 7.8 Longitudinal section showing 
the proposed nucléation and 
growth of three grains, and 
the corresponding transverse 
section.
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manner to the unicrystalline specimen described in 
Section 7-9. it is not clear, however, why this 
grain was not eliminated by competitive growth in the 
initial stages of solidification.
At solidification rates greater than 2 cm/hr, 
grains were formed which invariably initiated close 
to the point of nucléation of the specimen and appeared 
to nucleate on pre-existing grains rather than in the 
melt ahead of the interface or the container wall.
The proposed nucléation and growth behaviour of three 
such grains is shown in Fig. 7.8. Although the growth 
direction of the iron sulphide in each grain was <̂ 1010)>, 
as above, the orientation difference in adjoining grains 
was equivalent to a lattice rotation about <^1010^> 
through specific angles, the most frequent being approxi­
mately 60° and 120°. Thus it appears that the formation 
of these grains was not a random process. It is 
proposed that during the early stages of solidification, 
lateral growth occurs by nucléation of new grains on 
existing grains of iron sulphide with twin orientation 
relationships. Growth twins have been previously 
observed in uni directionally solidified germanium ,
silicon^1^0  ̂ and aluminium (see Section 2.5.3).
Iron sulphide expands on solidification, as do both 
germanium and silicon. Twins may therefore be associated
>
Fig. 7.9 Mechanical twin found in 
primary iron sulphide. 
Specimen No. 16.8.
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with stresses developed during“ solidification, as 
suggested for germanium and silicon.
Twinning in natural pyrrhotite has been 
reported by D a n a ^ ^ ^  , who quotes the twinning plane 
as [ i o n ] . In the present work, however, this plane 
does not explain the observed rotations. In one specimen 
a mechanical twin was formed, as shown in Fig. 7>9»
For this the twin plane was parallel to the <^1010^ 
direction and therefore it is evident from Fig. 6.41 
that the plane could not be j^lOllJ. To further study 
mechanical twinning, scratches and micro-indentations 
were made on the iron sulphide surface. It was noticed 
that invariably the twin planes were parallel to the 
<̂ 10lo)> direction and thus could not be [loll} . It 
may therefore be possible that twinning in pyrrhotite 
occurs on more than one plane. Considering the most 
frequently observed rotations in the present work 
(60 and 120°), these could be obtained by twinning on 
a [1212} plane as shown in Fig. 6.61. This plane is 
parallel to the ^1010^ direction. However twinning 
on such a plane would not result in the less frequently 
observed rotations (20°, 30° and 90°) which could be 
due to twinning on other planes. It is evident that 
further work is necessary to clarify this question.
The number of "twinned" grains increased
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with, increasing solidification rate. This is expected 
because of the greater thermal stresses. At solidi­
fication rates less than 4 cra/hr, all of the twinned 
regions are presumably derived from a single initial 
grain. However at faster rates, where more than one 
grain grows, each grain results in a number of twins.
The resulting structure is similar to that observed
( 1 59 )by Ellis and Fageantv ^ ' , when germanium was nucleated 
at two physically separated points (see Section 2.5*3)»
Longitudinally the twin boundaries were 
parallel to the heat flow direction, however in transverse 
these did not coincide with any crystallographic plane 
and were again very similar in appearance to the non­
coherent twin boundaries observed by Ellis et al. (^58,159) 
in unidirectionally solidified germanium.
It has been shown that the ratio between the 
specific energies of a non-coherent twin boundary and 
that of a random boundary is approximately 0.8 > 1&5) ̂
The presence of a film of iron on random boundaries 
and the lack of iron in regions adjoining these boundaries 
might therefore be expected and similar effects have 
often been described.
7.11 SULPHIDE INCLUSIONS
Inclusions with well developed facets (Figs. 
6.55 and 6.59) were formed in the low-sulphur ingots 







Fig. 7 »10 Diagram showing the
dihedral angle formed 
by liquid iron sulphide 
in contact with two iron 
grains.
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as the oxygen content is progressively increased,
characteristic changes in the shape and distribution
of the inclusions occurs. At 32 p.p.m. oxygen the
iron sulphide forms films at the grain boundaries
of iron, whilst at 98 p.p.m. the inclusions are globular.
Additionally, minor additions of aluminium had no
effect on the form of the inclusions (Fig. 6.58).
With the Fe-S-Mn alloys some complicating factors
were found (and are discussed below), but essentially
the same sequence of structures was observed as the
oxygen consent was increased. The results obtained
seem convincing evidence that type 3 inclusions are
formed if the oxygen content of the melt is sufficiently
low, and that their formation is not necessarily
associated with any effects arising from additions
of deoxidisers as has always been previously a s s u m e d ^ ^ ’ 
193,203) (see Sectlon 4).
For both iron sulphide and manganese sulphide 
inclusions it has been generally accepted that the 
change from a film-like (type 2) to a globular (type l) 
structure is associated with the effect of oxygen on 
the grain boundary energies of the phases present t
Van VLack et al. ’ -^7 > 20l) jiave s2lown that the
dihedral angle, 0 , which a liquid iron sulphide phase 
makes when in contact with two iron grains, as shown in 
Fig. 7.10, increases with increasing oxygen contents.
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At the lower oxygen contents, when the iron sulphide 
phase spreads as a continuous film between grains of 
iron, Q =  0°. The following condition must therefore 
apply OTk y  2 <7^.
where <*. is the iron phase, is the liquid iron sulphide 
phase, and (T~ is the apprppriate grain boundary energy.
With increasing oxygen contents, (T̂coc 
so that from the relationship
/ & \ 0 cf"flfcos :
o eC^© =  180 , and a globular structure is formed. At the 
present, however, it is not known how the grain boundary 
energies, C~dT<x. and C , change relative to each other 
with increasing oxygen content.
The formation of randomly distributed, mixed 
oxide-sulphide inclusions in the iron-sulphur alloys, 
at the higher oxygen levels (Fig. 6.57(b)) has been 
previously reported and explained by Crafts and 
HiltyC^08) and Sims and Forgeng^211  ̂ (see Section 4,
pp. 78-80).
In the Fe-S-Mn alloys containing low quantities 
of oxygen, faceted oC -MnS inclusions were obtained.
The inclusions where distributed in a chain-like fashion, 
apparently on primary grain boundaries, and were 
considerably smaller than the type 3 inclusions normally 
quoted in the literature. Selected area electron
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diffraction showed these to be pure cC-MnS, with no
evidence of them containing impurities such as iron
(l9b 195)sulphide, as has been previously suggested' ’ .
However, additions of aluminium to the alloys resulted 
in considerably larger, faceted manganese sulphide inclu­
sions which appeared to be randomly distributed. These 
were very similar in appearance and size to the 
inclusions which are normally classified as type 3«
Since selected area electron diffraction analysis 
showed a certain amount of A1 ̂ 0 ̂ associated with 
each inclusion, it is possible t h a t acts as
an active nucleus for manganese sulphide as previously
( 203)suggested by Karmazinv , leading to the solidification
of the inclusions at lower undercoolings. However it 
is emphasised that alters only the size and
distribution of the inclusions and has no effect on 
their growth habit.
The very fine, plate-like precipitates of
cC-MnS, randomly distributed throughout the ingots,
( 2Ob-207)have been observed previouslyv . These are
thought to be due to precipitation in the solid state, 
which results from a decrease in the solid solubility 
of sulphur in the iron with decreasing temperature 
(as discussed in Section b) .
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It was pointed out that at low oxygen 
contents, both the iron and manganese sulphide inclusions 
form with faceted interfaces. The formation of these 
will be discussed below.
Jackson et al. have proposed that the
form of a solid/liquid interface will depend on the 
parameter
cC = kf J (see Section 2.3).
RTE
Materials with }  2 solidify with a faceted interface.
In Section y.U it was proposed that iron sulphide, 
containing low quantities of oxygen, meets this 
condition and therefore solidifies with a faceted 
interface. A similar explanation is proposed for the 
formation of faceted inclusions. For MnS, however, 
the only information available on the latent heat of 
fusion is that of Coughlin . Using- this value
(6.3k cals/mole), oC was calculated as 1.8 , and
since i  cannot be greater than one, this appears to 
be in conflict with the above proposal. However,
Coughlin points out that the value of latent heat 
obtained was only approximate, because of experimental 
difficulties. Since the possible error was not estimated 
it is evident that more accurate results are required 
to clarify the question.
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At the higher oxygen levels, it is possible 
that oxygen may affect ^ in some way so that 
decreases below 2 and the inclusions solidify with 
a "rough”, non-faceted interface, as described in 
Section 7.4. At these oxygen levels, the shape of 
the inclusions will be controlled by grain boundary 
energy considerations, as outlined previously.
From the above observations a new classification, 
for the manganese sulphide inclusions found in steel, 
is proposed:
Type 1 : globular sulphides or oxy-sulphides, distributed 
at primary grain boundaries.
Type 2 : film-like sulphides, distributed at primary
grain boundaries.
Typ e 3A : small, faceted or irregular sulphides, distributed 
at primary grain boundaries as chain-like precipitates.
Type 3B: large, faceted or irregular sulphides, 
randomly distributed.




CONCLUSION AND FUTURE WORK
The effects of solidification rate, temperature 
gradient and oxygen content on the structure of the 
rod-like iron-iron sulphide eutectic have been studied.
The eutectic consists of discontinuous iron 
rods in a matrix of iron sulphide. It is suggested 
that the terminations of the iron rods are due to the 
nucleation of new rods (faults) on the iron sulphide.
This proposal should apply to all rod-like eutectics 
in which the matrix nucleates the minor phase. Only 
one other such system has been studied and this
appears to conform to the suggested principle, but 
clearly additional evidence would be desirable. A 
suitable system could be the Cu—Cr eutectic which has 
been shown to form a rod-like structure and in which 
the copper matrix should nucleate the chromium rods 
A more detailed study of the formation of 
growth twins in iron sulphide would also be of interest.
The formation of faceted iron/iron sulphide 
interfaces, which were related only to crystallographic 
planes in the iron sulphide, and the gradual rounding 
of the facets with increasing oxygen levels was
182.
tentatively explained by proposing that the iron
sulphide grew with a faceted interface and that
oxygen gradually changed the form of the interface
to a "rough", non-faceted type. In the present
system it was impossible to quench and observe the
solid/liquid interface. Evidently future work: should
be directed towards systems in which observation of
quenched interfaces is possible.
Furthermore the above technique would be
helpful in determining the lead-lag distance between
eutectic phases, as has been previously observed in
T47 8l)the Al-Si systemK ' , and its effect on inter-rod
spacings, together with the relationship between spacings
2
and gradient (\ = f (—)).
Gr
At the present no explanation for the
formation of a plate-like structure at the lower
solidification rates and higher temperature gradients,
is known. Clearly a more detailed theoretical analysis
of the rod to plate transition is required.
The general decrease in inter-rod spacings
with increasing oxygen contents was related to the
equivalent decrease in the interfacial energy of the
(223)eutectic phases. Jaffrey and Chadwickv , however,
have recently reported an increase in spacing in the
Sn-Zn eutectic with additions of lead. These observations
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are unexpected and difficult to understand, and 
similar work on other systems is desirable.
A new explanation for the formation of 
type 3 inclusions has been advanced. The proposal 
is based on the development of faceted interfaces 
in materials which have oC factors greater than 2 
(after Jackson et al. . This emphasises the
importance of investigating systems where similar 
effects might be expected and where quenching 
experiments to determine the form of the solid/liquid
interface are feasible.
Transverse sections of a lamellar 
and a rod-like eutectic, having 
equal volume fractions of the 
phases. (2)
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A p p e n d i x  1
Geometry of Lamellar and R o d - L i k e  E u t e c t i c s
The following calculations determine under
what conditions one of the s a i d  morphologies will be
formed preferentially if a e u t e c t i c  freezes in that
form w h i c h  h a s  the lowest interphase s u r f a c e  energy
for any i n t e r p h a s e  separation.
1. T i l l e r f i r s t  c a l c u l a t e d  this c o n d i t i o n  i n  terms
of the v o lu m e  f r a c t i o n  o f  t h e  two p h a s e s  present in 
the e u t e c t i c  m i x t u r e .  I t  is a p p a r e n t  from Fig. 1, 
w h i c h  shows schematically a s o l i d / l i q u i d  i n t e r f a c e  
f i r s t  i n t e r s e c t e d  b y  lamellae and secondly by rods, in 
b o t h  c a s e s  t h e  two p h a s e s  h a v i n g  t h e  same v o lu m e  f r a c t i o n s ,
changing the m o r p h o l o g y  o f  t h e  e u t e c t i c .  A s s u m i n g  that 
the r a t i o  o f  t h e  v o lu m e  f r a c t i o n s  o f  t h e  two p h a s e s
t h a t  the r a t i o changes upon
£  t it is p o s s i b l e  t o  d e r i v e  an e x p r e s s i o n  
in terms of \  :for V
F o r  a u n i t  c e l l




therefore A a = A '
( 1 +  ) (2)
F o r  the lamellar m o r p h o l o g y  t h e  l e n g t h  o f
oC _/? interface per u n i t  c r o s s  section of s o l i d / l i q u i d
2
i n t e r f a c e  i s  e q u a l  t o  A  since:
total num ber o f  u n i t s  o f  width 
A  and u n i t  length per u n i t  a r e a  =
s i n c e  each u n i t  c o n t a i n s  o n e lamella , t h e  total 
number o f ^  lamellae per u n i t  a r e a  = —
since each unit contains two unit lengths of
<*//# phase boundary, the total length of
2 vcjPoC phase boundary per unit area = ~r = L jJ (3)
i . e .  t h e  length of oC  / / &  s u r f a c e  b o u n d a r y  p e r  unit c r o s s  
section is i n d e p e n d e n t  o f  t h e  r e l a t i v e  t h i c k n e s s e s  o f  
i n d i v i d u a l  lamellae, A«c and V  •
F o r  a r o d - l i k e  morphology, T i l l e r  has assumed 
t h e  u n i t  a r e a s  t o  c o n s i s t  o f  close p a c k e d  c i r c l e s  o f  
d i a m e t e r  A  > each c i r c l e  containing one ¿9 rod: 
t h e r e f o r e ,  a r e a  o f  c i r c l e  o f  d i a m e t e r  A  = rr ( \' )2
b
therefore , num ber o f  c i r c u l a r  u n i t s
: 4
( V  )2
p e r  u n i t  a r e a
1 8 6 .
therefore, number of ̂  rods per unit a r e a  = ___4_
)
Since the length of the circumference of 
one S  rod =
therefore, the t o t a l  length of &• /ft phase b o u n d a r y
p e r  u n i t  a r e a  o f  s o l i d / l i q u i d  i n t e r f a c e  = 4_ = r /  w( A ' ; 2
y i e l d s :
Substitution of equation (2) in equation (4)
length of cC/ytf phase b o u n d a r y  p e r  u n i t  a r e a ,  L  £  = _ 4 ________ ( 5 )
A'(i+e£ )
It is to be understood that the length of 
**•//& phase boundary p e r  u n i t  a r e a  i s  i n d i c a t i v e  o f  the 
i n t e r f a c e  s u r f a c e  e n e r g y  p e r  u n i t  a r e a  o f  the e u t e c t i c .
A s s u m i n g  that A  = A 7 , s u b s t i t u t i o n  o f  v a l u e s  
f  o r  9 *  i n  e q u a t i o n s  ( 3 ) and ( 5 ) w i l l  y i e l d  t h e  v a l u e  o f  
f o r  w h i c h  t h e  r o d  morphology will h a v e  a lower 
i n t e r f a c e  e n e r g y  t h a n  a l a m e l l a r  m o r p h o l o g y :
L ? / ^
2 k 2.828





















Therefore, using Tiller's geometrical assumptions, 
for volume fraction ratios of the two phases greater 
than 3, i.e. for less than 25$* a rod morphology 
will have a lower interface surface area and possible 
energy than a lamellar morphology of equivalent interphase 
spacing.
NOTE: Tiller1s circular units are to be criticised
since these do not completely fill a unit square area 
and therefore do not give a true indication of the total 
number of units per unit area.
(8) ec2. Chadwick' ' quotes the critical value of to
be 2.1, i.e. = 32.3$. Presumably Chadwick has
assumed the rods, of say t h e ^  phase, to be positioned 
in a square pattern, the sides of the square being 
equal to A  , the corners of the square being at the 
centres of the rods.
The area of each square =
therefore, the number of square; per
unit area
( A ' ) 2
/ > 2(A')
Each square contains one full rod of circumference 




total length of phase boundary per
TT XV / «y*
= 7 y 7 ~
(6)
Calculating the relative volume ratio of
77V X >  )2Volume of /S p er unit cell = 4
the two phases
= V£
Volume of cC per unit cell = ( A' )2- tt ( X s  V  = v.4
therefore, = vk
therefore, ( A » 2
^  A ' ) 2 -  i  77” ( A > ; 2
/ x 2= *(*')
t t (i + e) )
or A >  = 1-128 A'
(1+ e }  V
Substituting in equation (6) for A>
(?)
i f n  =  1-128 TT =  3-545
A ' (i+ )2 A7 (i+ &/Ï ) 2
Assuming X  = A
i
¿.r /t-a
2 3-545 2.507A * V 2  = X
2 3.545 2.046
X X V I  = A
(8)
2
Transverse section showing the 
shape and the array of rods 
assumed by Cooksey et al. (32)
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e . 1 **I— L L ?
2 . 1 4  2
2
\
3 . 5 4 5  2 
A V 3 . 1 4 2  "  A
3
2 3 . 5 4 5  1 . 7 7 2
X A  V i  Ai . e . for values greater than 2.lb2, i . e .  less
than 32.3%, the rod morphology has a lower surface area
than a lam ellar morphology of equivalent interphase 
spacing.
(32.)3« Cooksey et al.' 'assume t h e ^  rods to be positioned
in a close-packed hexagonal manner as shown in Fig. 2. 
For th is  arrangement:
Number of hexagonal u n its per u n it area = 1
2 . 5 9 8 ( A '  )*
since the length of oC / in te rfa ce  within each u n it= 3 7 T A >
therefore 3lT
2 . 5 9 8 ( X '  ) 2
For a unit
\Js =
cell3 7T( A> ) 2 4
w  = 2 .5 9 8 (A /) 2-  3TT( A >  ) 2
4
2 . 5 9 8 ( A 7 ) 2X 4 -  1




therefore, ( A> ) 2 2. 598f V  ) 2 x b3 tt (i+ )
Substituting in equation (9) f o r X ^
( 1 0 )
L «Cj8K 3.810A  (l+ ©y )2
Assuming X = X'
eC
c t L f
1 2
3.810 2.69b
X A *¿2 A
2 2
3.810 2.200
X A S  " A
2.63 2 3.810 = 2X A  V3T63 A
3
2 3.810 1.905
X A Vi” X
(1 1 )
i. e. for ©; values greater than 2.63, i.e. V* less than 
2 7.5$, the rod morphology has a lower surface area than 
a lamellar morphology of equivalent interphase spacing.
All of the above discussions assume that the 
rods have a circular cross section, however it has 
been shown that this is not generally the case (see 
Section 2), most rod-like eutectics having either 
hexagonal or square in cross section rods. It has 
also been noticed that for most rod-like eutectics the
)
Fig. 3 Transverse sections showing rods 
positioned in a h.c.p. array:
(a) Hexagonal rods.
(b) Square rods.
Fig. u Transverse section showing 
circular rods positioned 
in a f.c.c. array.
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geometrical arrangement of the rods is approximately 
close-packed hexagonal (see Sections 2 and 7)•
5* Assuming that the ft rods are hexagonal in cross 
section and that they are positioned in a close-packed 
hexagonal array, as shown in Fig. 3 (a), the critical 
e /  value is found to be 3> i.e. for ^  less than 23% 
the rod morphology has a lower surface area than a lamellar 
morphology of equivalent interphase spacing.
6. Assuming that theft rods are square in cross section,
as shown in Fig. 3(b), the critical value is found
to be 3.62, i.e. = 2 1.6%.
7. Assuming that theft rods are circular in cross 
section and are positioned as shown in Fig. 4, the 
critical oft value is found to be 5.28, i.e. = 13 .9%).
8. Assuming that theft rods are hexagonal in cross
section and are positioned as for the previous case, 
the critical value is found to be 5.93, i.e.
= lh.h%.
9. Assuming that t h e ^  rods are square in cross section 
and are positioned as for the previous case, the critical
value is found to be 7.0, i.e. = 12.556.
Fig. 5 Lamellar, solid/liquid interface (2).
Fig, 6 Partial equilibrium diagram representing 
the concentration in the liquid C* 
and C at the tips of the oC and ^  
lamellae. If the tip curvature is 
negligible, the concentrations are 
given by a and b and the equilibrium 




For a lamellar, solid/liquid interlace as 
shown in Fig, 5> assuming that a steady state solute 
distribution exists in the liquid, the flux of solute 
rejected from the oc interface per unit time must diffuse 
to t h e interface per unit time. Assuming that most 
diffusion occurs parallel to the interface: the amount
of solute rejected by the oC lamella per unit time is 
R(l-koc)CL and the lateral gradient of solute is 
approximately (C * - Clf )/(/A/2 )
where R = growth rate of interface
koc = partition coefficient of cc phase 
C L & C £ = average composition of liquid in contact
with the CC and jS phases respectively 
^  = shape factor, which includes the effect
of lead distance between the lamella on 
the diffusion between the lamellae, 
Therefore for steady state diffusion:
R(l-k«c )c!C 2D(cf -ci ) / ( f \ / Z )  (1)
therefore C l -C if &  R(l-koc )c /UD (2)
Assuming C* C^(the eutectic composition) ,
Assuming that the curvature is negligible at 
the tips of the lamellae and that the undercooling at 
the tips of the lamellae of both phases is equal, from
193.
Fig. 6:
^  T D = - m -  ( C f  - C E ) = m '  ( C ^ C ' f  ) 
i.e. Cf -CiT = A TD (ir.
Substituting in equation (2)
^  Td (lamellae) = ¿"A R (l-koc )
U D  (~ y  — ~5c)'m^ m '
Similarly for a rod-like eutectic 
^  TD (rods) = /''A R(l-kec ) CE





For a lamellar eutectic: the total phase boundary area
2 /per unit volume of eutectic is 'A (see Appendix l).
If is the interphase boundary energy per unit area,
then the total energy per unit volume is
2
E = A
On formation and growth of phase boundaries an additional 
undercooling, other than^T^, is necessary to provide 
the energy for these. Let this undercooling b e ^ T  .
The free energy per unit volume of the liquid due to
^ Tc is
^  F = L/ ^ TC
TE
(7)
where L is the latent heat of fusion per unit mass of
19k.
l i q u i d , i s  the density of the liquid and is the 
eutectic temperature.
Equating (6) and (7)
^ Tc = 2 < ^ TE (8)
For a rod-like eutectic
The number of rods intersecting a unit area 
of interface = —7— (see Appendix l) (9)
J T \2
the increase of phase boundary area for one rod growing 
a distance dy = 77" dy (10)
therefore, the increase 
area for a distance dy
of surface area per unit 
_ 4 A/* dy
= A 2 (11)
unit
unit
If d'oĉ? is the interphase boundary energy per 
area, then the increase of interphase energy per
area, E =_ 4 dy
X (12)
The energy available for the production of 
new grain boundary is that due to the latent heat evolved 
as the mass solidifies over a distance dy. This energy 
is given by




Equating equations (12) and (l3)
/\ T„ = ka&  V TE (1*0C ------ 5---
i/? x 2
Since \  *= --- h — — t (see Appendix l)
S  ( ! + & ? ) *
therefore ^ ^E____  (15)
L^A  (1 + )*
Calculation of ST ______;____________ m
The total average undercooling of the interface 
for steady state growth is given by the summation of 
equations (4) and (8) for a lamellar eutectic and (5) 
and (15) for a rod-like eutectic.
^  T - ^  A  + ̂ 2
A
where for lamellae:
£ = ¿"tf(l-koc ) C E and £. =
(16)
and for rods
^'R(l-k<C )CE and TE-  5 » ) V Ö 7 5 7 1
It it is assumed that the solidification process takes 
place with the minimum rate of entropy production and 
that minimum entropy is equivalent to minimum total 
undercooling with respect to the interlamellar and interrod







0 - £± £2
A2m
JL .i T = 2(£n £ o) 2 for lamellae ) m v 1 2' -j
)
i )
= 2 ( ^ i ^ P 2 f o r  r o d s  )
(17)
(b)
Fig. 7 (a) Shape of equilibrium diagram
for k <( 1.o x




For a binary phase diagram in which the solute 
lowers the freezing point of the solvent: assume the 
liquidus and solidus are straight lines. Let k Q be the 
equilibrium distribution or partition coefficient, k o
being“ defined as the ratio of the equilibrium concentration 
of solute at the solid/liquid interface to the concentration 
of the liquid adjacent to it.
i . e. k = s 
° C~
For the phase diagram is shown in Fig. 7(a), i.e.
forming solid rejects solute atoms thus progressively 
increasing the concentration of solute in the remaining 
liquid.
is the initial solute concentration in
the liquid, then the first solid to freeze will have a
solute concentration of k QCL or koCQ. With crystal growth,
the solute concentration in both the liquid and the solid
will increase until a steady state condition is reached
whereby the amount of solute rejected at the solid/liquid
interface is just balanced by the amount that diffuses
away from it, so that the solid concentration adjacent
to the interface and the solute distribution in the liquid
ahead of the interface remain constant. If C representsL
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the steady state distribution of solid in the liquid, 
then two factors will influence the form of C^: (a) diffusion
in the liquid, which tends to even out the concentration 
gradient at a rate which depends on the diffusion coefficient, 
D, and (b) the rate of advance of the solid/liquid interface,
R.
From Fig. 7(b), the amount of solute diffusing
dCinto a unit area of face X is i'̂ie amount of
dCsolute diffusing out of face x+dX is -^(¿[x^x+dx*
d^cnet flow into a volume element is therefore D(--p) per
dx
unit volume. The net flow of solute out of the same
dCvolume due to solidification is R ̂ dx^ ' Por steady state 
therefore:
_ /d^C\ _ /dC\ _D(— 3) + R(^ )  = 0.
dx
which yields the solution
CL = C * exp ( - g  X') + Co
where C <=c = solute concentration of liquid at the
interface
and X 7 = distance from the interface at which the
concentration is C
The condition for steady state diffusion is that C =C ,o O
since this is the only case for which the amount of solute
in the enriched layer remains constant. Then Cec must
be C /k and the above equation becomes 
° °  r  2 - k  D  -1
CL = °o fa + ~k GXp X
Fig. 8 Typical powder pattern of 
iron sulphide.
Table 1
Intensity S (cms) 2 © d (A) dc (A) d Fe d Fe(Xl)S d FeS(ord.)
Medium 2.81 14.05 2.9055 2.962 2.97 (33) 2.98 (9°)Medium 3 . 1 6 15.80 2.586 2.645 2.65 (33) 2.67 (90)
Strong b .02 20.10 2.036 2.080 2.027(100) 2.05--2.09 2.09 (100)
(100)
Weak k.37 21.85 1.875 1.917 1.92 r6°)
Medium 4.91 24.55 1.678 1.715 1.71 (33) 1.72 (90)¥eak 5.20 26.01 1.579 1.615 1.61 (7) 1.64 (60)
Weak 5.67 28.37 1.450 1.482 1.433 (19) 1.48 (4) 1.47 (60)
Weak 6.39 31.98 1.291 1.320 1.32 (13) 1.33 (80)
Very Weak 6.50 32.50 1.270 1.297 1.30 (5) 1.32 (50)
Very Weak 6.90 34.50 1.1983 1.222 1.23 (4°)
Very Weak 7.20 36.00 1.1499 1.175 1.1702(30) 1.18 (1) 1.18 (40)
Weak 7. 60 38.00 1.0915 1.116 1.11 (13)
Weak 8.07 40.35 1.0303 1.055 1.05 (7)
Very Weak 8.55 42. 75 0.9750 1.000 1.0134 (9) 1.00 (1)Very Weak 9.21 4 6.05 0.9085 0.925 0.906k (12)
Very Weak 10.48 52.40 0.8048 0. 826 0.8275 (6)
(The bracketted numbers are the relative intensities of the lines with respect to 
the intensity of the strongest line, I = 100.)
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Appendix 4
1. Analysis of synthetic and unidirectionally solidified 
Fe-FeS eutectic alloys
Ten x-ray powder patterns of* synthetically 
prepared Fe-FeS eutectic alloys and ten x-ray patterns 
of unidirectionally solidified eutectic alloys were taken 
using the Debye-Scherrer camera and technique. For the 
solidified alloys powder samples from ingots which were 
solidified normally, water-quenched and furnace-cooled 
were tested. All of the above samples resulted in similar 
diameters of powder rings for equivalent reflections and 
therefore similar Bragg angles (the diameters being 
+0.04 cm. from the mean value and the Bragg angles 
+0.1 from the mean). Fig, 8 shows a sample powder pattern 
obtained. Table 1 lists the lattice planes spacings, d, 
obtained from the measured diameters, s, of the powder 
rings and the calculated values of Bragg angles, 0 .
The d spacings have been corrected for absorption and 
film shrinkage, dc, and are compared with standard d 
spacings quoted in the ASTM x-ray powder index for iron, 
iron (TX) sulphide and iron sulphide (ordered).
For the Fe(ll)S, reflections with the following 
d values were not noticed: 2,88 (4) and 1.44 (9); for 
the FeS (ordered), the following: 2.93 (50), 2.52 (30),
200.
2.15 (50), 2.1k (50), 1 . 9 5 (50), 1 . 7 5 (6o), 1 . 6 2 (ho),
1.60 (ko), 1.50 (50), 1.49 (50), 1.46 (50), 1.44 (60),
1.42 (50), 1.34 (ko), 1.28 (ko), 1 . 2 7 (ko) and 1 .19 (ko).
From the above results the iron sulphide was
analysed as Fe (il)S or Fe(l-x)S, having an hexagonal
structure with -a = 3«^3A, C = 5.68A .o o
2. Analysis of sulphide inclusions found in-high purity 
iron ingots
Electron diffraction patterns of 5-10 inclusions 
extracted from each ingot were taken. From the obtained 
patterns, the d spacings of the phase in question were
calculated using the formula
. A L  ^
a R
where A  L is the camera constant and is equal to 1.77
rr
Angstrom centimetres for an electron acceleration potential 
of 100 kV, and R is the distance from the diffracted 
beam to the centre spot. From the calculated d values, 
the phase could be identified. In order to obtain a 
complete range of d values it was sometimes necessary to 
combine the results of two or more diffraction patterns 
obtained from different inclusions.
All of the analysed sulphide inclusions from
ingots 1, 2, 3 and 7 resulted in similar R values (within
Fig. 9 Typical electron diffraction 
patterns :
(a) Ingot 1 and 7 (iron sulphide) ;
(b) Ingot 4 and 5 (manganese sulphide) .
Table 2
R (cms) d (A) d Fel-xS ^ d FeS (1)
0.585 3.02 2.97 2.98
0.660 2.68 2.65 2.67
0.8U75 2.09 2.06 2.09
0 .9 2 5 1.91 1.92
1.005 1.76 1.71 1.75
1.075 1.65 1 .6 1 1.64
1.155 1.53 1.50
1.205 1.4 7 1.48 1.47
1.310 1.35 1.32 1.34
1.575 1.12 1.11




R (cms) d (A) doC-MnS (A)
0.587 3.015 3.015
0.675 2.62 2.61
0.965 1.835 1.8471.340 1 . 3 2 1.311.510 1.17 l.l 71.665 1.063 1.066
Fig. 10 Typical electron diffraction 
patterns from inclusions in 
ingot 8 (Fe-S-Mn-Al) .
Table 4




0.710 2.35 2.36 2. 28
0.835 2.00 1.99
0.850 1.96 1.977




1.275 1.31 1.306 1.301.410 1.18 1.17 1. 21
1.460 1.14 1.14 0
1.64 1.02 1.07 1.03
1.70 0.98 0.991.84 0.91 0.92
* It should he noted that the camera constant, A  L, used to 
calculate the shown d values was I.67 rather than 1.77 
used in the first calculations, this was so after recali­
bration of the electron microscope used.
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+0,02 cm, from a calculated mean R value), and were analysed
9 0 ®as Fe. S (a = 3.43A , C = 5.68a ) and/or FeS (a = 5*958A , 1—x v o
Cq = II.7U3A) , Sample diffraction patterns are shown 
in Fig, 9(a), while calculated and theoretical d values 
are given in Table 2.
All of the analysed sulphide inclusions from
. oingots 4,  5 and 6 were found to be«C-MnS (a* = 5 • 23A 
(calculated), a0= 5*22A (theoretical)). Sample diffraction 
patterns are shown in Fig, 9(b), while d values calculated 
from these and theoretical d values for eC-MnS are given 
in Table 3-
The analysed inclusions from ingot 8 were found 
to be either oC -MnS or a mixture of «C-MnS, J^-MnS 
(a 0 = 3.984Â , Co = 6.hbl)  and (a„ = 7.90Â),
the latter analysis applying to the much larger, faceted 
inclusions. Sample diffraction patterns of the large 
inclusions are shown in Fig, 10, while d values calculated 
from these and theoretical d values are given in Table 4.






c!>\O Fault Density Total Number of No./cra^(xlO 0 * Rods per cm^(xlO )
Fault
Percentage
6.4 0.50 48 6 0. 731 8. 20
6.3 0.80 45 11 1.044 10.556.2 1.00 51 25(25,26,26,25) 1.852 13.506.5 1.75 43 4l (39,40,42,42) 2.158 19.006.6 2.00 48 50 2. 746 18. 21
6.1 3.00 45 80 3.397 23.55
6.7 4.00 58 108 (100,102,115,115) 5.285 20.4 3
9.7 0.25 78 8 1.261 6.3 4
9.1 0.50 79 9 2.105 4. 289.2 1.00 82 11 3.508 3.14 .
9.3 2.00 80 1 6 (1 6,1 6,1 7 ,15) 5.139 3.119.6 3.00 80 20 6.436 3.11
9.4 4.00 74 24 6.610 3.63
10.1 0.50 82 7 1.181 5.93
10.2 1.00 76 9 1.753 5.13
10.3 2.00 75 12 2.883 4.16
10.5 3.00 78 14(14,12,15,15) 3.881 3.61
10.4 4.00 76 17 4.4 69 3.80
13.3 0.10 80 7 0.629 11.13
13.1 1.00 78 11 3.389 3.24
13.2 4.00 79 25 7.506 3.33
* Numbers in brackets are fault densities obtained 
on separate parts of the specimen.
o
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98 5.8 0.10 50 500 12.044 3.1623 0.0200 0.0632b
5.io o. 25 50 200 8.5 44 2.0000 0.0200 0.04000
5.3 0.50 50 100 6.676 1.4l42 0.0200 0.028285.4 0.80 58 72.5 5.096 1.1180 0.0172 0.019275.6 1.00 64 64 b.b33 1.0000 0.0156 0.013625.2 1.75 50 28.6 4.4 50 0.7559 0.0200 0.015125.5 2.00 49 24.5 4.301 0.7071 0.0204 0.01443
5.1 3.00 50 16.7 3.795 0.5773 0.0200 0.011555.7 4.00 56 14.0 3.483 0.5000 0.0179 0.008935.9 5.00 51 10.2 3.396 0.4472 0. 0196 0.00877
8.6 0.10 80 800 8.385 3.1623 0.0125 0.039528.1 0.50 82 164 4.795 1.4142 0.0122 0.017248.2 1.00 80 80 4.014 1.0000 0.0125 0.012508.3* 2.00 78 39 3.510 0.7071 0.0128 0.009068.5* 3.00 80 26.7 3.133 0.5773 0.0125 0.007228.4* 4.00 82 20.5 2.900 0.5000 0.0122 0.00609
17.1 0.10 100 1000 7.05 3.1623 0.0100 0.03162
82 14. l 0.50 48 96 8.913 1.4i 42 0.0208 0.0294114.2 0.80 45 56. 2 7.880 1.1180 0.0222
Continued/
0.02482 








lb. 3 1.00 48 48
lb.b 2.00 50 25
lb.5 3.00 50 16. 7lb. 6 4.00 4 9 12.2
3.2 0.50 50 100
3.1 0.80 54 67.5
3.7 1.50 46 30.73.6 2.00 50 25
3.3 3.00 48 163.8 4.00 48 12
3.4 5.00 50 10
13.3 0.10 80 800
13.1 1.00 78 7813.2* 4.00 79 19.813.4 0.10 100 1000
1.8 0.25 50 2001.2 0.50 47 941.1 0.80 50 75
1.3 1.00 43 431.4 2.00 46 231.6 3.00 48 16
1.7 4.oo 48 12
20.3 o.bo 47 11820.1 0.80 50 62.520.4 1.00 57 5720.2 1.75 52 29.7
20.5 2.00 52 26



























































































































































Continued/ . . . .
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o
CM Appendix 6 continued
lk 16.2 0.50 58 116 15-371 l.klk2 0.0172 0.02438
16.3 0.80 51 63.7 14.905 1.1180 0.0196 0.0219216.4 1.00 55 55 13.000 1.0000 0.0182 0.01818
16.5 2.00 53 26.5 9.800 0.7071 0.0189 0.0133416.6 4.00 51 12.8 7-738 0.5000 0.0196 0.0098116.1 0.50 80 160 12.475 l.klkZ 0.0125 0.01770
16.7 1.00 82 82 9.185 1.0000 0.0122 0.01219
16.8* 4.00 80 20 5.600 0.5000 0.0125 0.00625










46 2.1 0.5 50 Pure Iron Sulphide
2.2 4.0 50 Pure Iron Sulphide
2.3 0.5 79 Pure Iron Sulphide2.4 2.0 80 Pure Iron Sulphide
2.5* 4.0 80 Pure Iron Sulphide
98 4.1 1.0 46 Hypoeutectic
4.2 2.0 48 Hypoeutectic
4.3 4.0 48 Hypoeutectic
98 11.1 As Cast
46 11.2 As Cast
lk 11.3 As Cast















50 18.1 0.5 50 Hypereutectic18.2 1.0 4 9 Hypereutectic
18.3 2.0 49 Hypereutectic
18.4 3.0 50 Hypereutectic
18.5 4.0 50 Hypereutectic
* Most of the specimens solidified were unicrystalline. The specimens 
marked, however, contained several grains.
Note 1 The eutectic structure may be generally described, for all oxygen levels by:
Rod-like: for G 50°C/cm, R 0.5 cm/hr.
G 80°C/cm, R 2.0 cm/hr.
Plate-like:for G 50°C/cm, R 0.5 cm/hr.
G 80°C/cm, R 2.0 cm/hr.
G 100°C/cm.
Note 2 Rod-like eutectics containing less than 46 p.p.m. oxygen show faceted iron/ 
iron sulphide interfaces (in cross section). Above 46 p.p.m. oxygen the 
interfaces became progressively rounded until at 70 p.p.m. no faceting 
is detected.
All plate—like eutectics are faceted to some degree (for details refer to 
Section 6.1.6).





2G* X* 0</9x 1r 2g * X*
1
r 2g * A* OSTfix(T*/f t
98 l 3.595 3.595 1.000 0.5 5.185 2.592 1.000 0.33 6.780 2.260 1.000
8 2 l 4.321 4.321 1.202 0.5 6. 630 3.3I5 1.279 0.33 8.980 2.993 1 .32b67 1 b .690 b .690 1 .30b 0.5 7.320 3.660 i.bi2 0.33 10.000 3.333 1.47550 1 k .693 4.693 1.305 0.5 7.320 3.660 1.412 0.33 10.000 3.333 1.47549 l 4.749 4.749 1.321 0.5 7.460 3.730 1.439 0.33 10.195 3.398 1.50346 1 4.750 4.750 1.321 0.5 7.460 3.730 1.439 0.33 10.195 3.398 1.50336 l 5.213 5.213 1.450 0.5 8.770 b .385 1.692 0.33 12.100 b .033 1.78b25 1 6.191 6.191 1.722 0.5 10.890 5.445 2.101 0.33 15.310 5.105 2.25914 l 7.927 7.927 2.205 0.5 lb . 600 7.300 2.816 0.33 20.795 6.932 3.067
* Values obtained from Fig. 6. 27
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Relative solid Fe/solid Fe^ S interfacial energies 




GZf = f( \ R 2G)
the relative solid/solid interfacial energies, at various
oxygen levels, have been calculated and plotted as x
1Vs Oxygen, where (7~ocfi ^ is the surface energy 
of the eutectic alloy containing p8 p.p.m. oxygen, and 
is the surface energy of the alloy in question.
If it is assumed that oxygen has no effect on any of the 
constants in the equation relating1 growth rate to inter­
lamellar spacings (developed in Section 2.3.1) except for 
interfacial energy, then










2 .5 c 0.5 1 .4i 42 2.31
2.4C 0.8 1.1180 1.88
2.3C 1.0 1.0000 1.79
2.7C 1.5 0.8163 1.56
2.6C 2.0 0.7071 1.4l
2.8C 2.5 0.6325 1.34
2.1C 3.0 0.5773 1.28




relationships between planes in an hexagonal system for which
The values presented below have been calculated using the formula
2
hlh2+klk 2+^^hlk 2+klh2 ^ ~  1112
's/(h^+k^+h^k^+j- a2 l^2) fh^+k^2+h^k^+j- a2 l^2)
2 2 c c
where is the angle between the crystal planes (h k u ^1^) and (h^k^u ^1
(OOOl) (1120) = 90° (0001) (11214) = 13°13
(1121) = O f73 12 (11 2 16) = ll°42
(1122) = 58°52' (11218) = 10°24
(1124) = 3 9°52' (11220) = 9°24
(1126) = 28°5o' (11222) = 8°30
(1128) = O *22 30 (1122b) = 7°bb
(11210)= 18°18’ (11226) = 7°lb
(11212) = 1 5°2k 1








(1010) = 90° 
( 2 0 2 1 ) = 75°28
(1011) = 62°20 
(2023) = 51°55
(1012) = 43°h3 
(2025) = 37°21
(1013) = 32°30 
(2027) = 28°39
(1014) = 25°3l 









(OOOl) (1017) = 15o18
(1018) = 13°2k '
(1019) = 11°55'
(10110) = 10°46







(0001) (2136) = 4o °07'
(2137) = 35°5l'
(2138) = 32°19'
(2139) = 29°19' 
(21310)= 26°5o '







(1210) (1320) = 10° 5 k '
(0110) = 3 0 ° O o '
( 1 2 3 0 )  = k9°o6 '
( 1 1 2 0 )  = 6 o ° o o '
( 2 1 3 0 )  = 7 0 ° 5 4 '
(1010) = 90°00 '
(OOOl) (21316) = 1 7o2 9'
(21317) = 16o3k'
(21318) = 1 5okl'
(21319) = i 4°57'
(21320) = 1k°09'
Fig. 11 Typical Laue pattern.
Specimen’s longitudinal 
section is the reflecting 
plane.
Fig. 12 Typical rotating crystal 
pattern.
Fig. 13 Crystal pattern obtained at
the point of nucleation of 
the specimen.
Table 5
Analysis of Layer* Lines obtained from 
Rotating Crystal Pattern (Specimen 6.5)
S tan /* (a )
(mmj = ¿0 cos oC h -hA
S cos
3.6 8.3333 0.1192 1 5.9622
7.4 4.0540 0.2392 2 5.9423
11.5 2.6087 0.3584 3 5.9489
16.3 1.8405 0.4800 4 5.9225
22.4 1.3393 0.5997 5 5.9255
30.9 0.9709 0.7187 6 5.9332




Analysis of Orientation Data for Iron Sulphide
A typical Laue pattern obtained from the 
longitudinal section of a eutectic specimen is shown in 
Fig. 11. The figure shows the hexagonal symmetry of the 
reflections about the central (0001) reflection (masked 
by the hole).
A typical rotating crystal pattern of the 
eutectic is shown in Fig. 12. In Table 5 the identity 
distance of the iron sulphide along the specimen's 
growth direction, , has been calculated from this
pattern, as described by Barrett (221) , ancj has been 
compared with the identity distance along the [0001] , 
<(lOlo)> and <(ll2o)> directions. It is seen that the 
growth direction of the specimen coincides with <(l01Q^. 
Fig. 12 also shows the diffuse Debye rings due to the 
iron phase.
Fig. 13 shows the rotating crystal pattern 
obtained at the point of nucleation of the specimen. 
Complete Debye rings from the iron sulphide are noticed, 





1. Pure Iron Sulphide Laue and rotating crystal 
patterns of two unidirectionally solidified ingots of 
pure iron sulphide (2.1 and 2.4) showed that: growth 
direction ̂  ^1010^ iron sulphide.
2. Iron Sulphide in Eutectic
(a<) Unicrystalline Specimens Laue, rotating and 
oscillating crystal patterns of a number of eutectic 
specimens (5-3, 6.2, 6.3, 6.5, 7.1, 8.1, 10.2, l6.l) 
representative of the range of solidification conditions 
used in the present work, and the range of eutectic 
morphologies observed (for details refer to Appendix 
6), showed, for all ingots, that during equilibrium 
growth :
growth direction /  (lOÏo) iron sulphide.
One case was observed in which the <(lOlo) direction 
rotated into parallelism with the growth direction 
(6.2) .
In all of the ingot structures which showed 
faceted iron/iron sulphide interfaces (6.2, 6.3, 6.5,
7•1j 8.1, 10.2, l6.l), the facets were found to be 
parallel to ¿OOOlJ and £l212J planes in the iron sulphide.
Table 6
Orientation of Iron Rods
Specimen R (cm/hr) Approximate Proportions
No. of <100>:<110>:<111>
directions
5.3 ' 0.5 100:100:100
9.1 0.5 100:100:100
16.2 0.5 100:100:100




6. 6 2.0 30:100: 30
6.1 3.0 0:100: 5
6.7 4.0 0:100: 0
Table 7
Angles of Rotation of Iron Sulphide Lattice 
About a <̂ 10lcQ> Direction in Adjoining Grains
Type Specimen No. Measured Measured by
Optically X-ray Techniques














1 2 0 °
1 2 0 °
9.4 60°
6l°















































1 3 8 °
165°





1 0 5 °
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However no simple relationship was found between the 
facets and the iron phase.
Spectrometer studies of a number of eutectic 
specimens representative of the range of solidification 
conditions used in the present work and the range of 
eutectic morphologies observed showed that for all 
oxygen levels and temperature gradients (Table 6): 
at R ̂ 3 cm/hr, growth direction// ^ 100} , 
/llO> and < m >  iron and
at R y  3 cm/hr, growth direction iron.
(b) Policrystalline Specimens A study of a number of 
eutectic specimens containing more than one eutectic 
grain (8.5, 9-3, 9-b, 10.3, 10. U, 1 6.8) showed that 
within any one individual grain the same orientations, 
between phase, found in unicrystalline specimens 
existed. It was also found that the optically observed 
angle between faceted interfaces, parallel to ¿OOOl] 
planes in the iron sulphide, adjoining" grains gave a 
true indication of the rotation of the iron sulphide 
lattice, about a ^1010^ direction, which occurred 
in adjoining grains. Table 7 shows some of the 
rotation angles which were optically determined and 



















BRADY. F.L., J.Inst.Met., 28, (1922), 3^9.
TILLER. W.A.. "Liquid Metals and Solidification",
A.S.M., Cleveland, Ohio, 1958, 276.
TILLER. W.A., Acta Met., ¿, (l957), 56.
TILLER. W.A. and MRDJENOVICH. R ., J.App.Phys., ¿4,
(1963), 3639.
SCHEIL. E. and ZIMMERMANN. R ., Zeitschrift fur 
Metall., 48, (l957), 509.
ZENER. C .. Trans.A .I .M .E . , X67, (1946) , 550.
CHADWICK. G.A. , JACKSON. K.A. and KLUGERT. A . ,
J.Met., 14, (1962), 703.
CHADWICK. G.A. . Prog.Mat. Sc. , .12, No. 2, (l963).
BELL. J .A .E . and WINEGARD. W .C ., J.Inst.Met., 93, 
,(1964-1965), 318.
KERR. H.W. and WINEGARD. W .C .. J.Met., 18, (l966), 563. 
BRIGHAM. R.J., PURDY. G.R. and KIRKALDY. J.S.. Proc.
Inter.Conf.Crystal Growth, Boston, 1966, l6l. 
DAVIES. V.De L ., J.Inst.Met., ££, (1964-1965), 10.
DAVIES., V. De L . . Ibid., £4, (1966) , 192.
CHADWICK. G.A., Ibid, £1, (1962-1963), 298.
HUNT. J.D. and CHILTON. J.B.. Ibid., £1, (1962-1963),
338.
TAYLOR. P.J., KERR. H.W. and WINEGARD. W .C. M .■— — ■ , , • > o an . M e t .
Quart., 3, (1964), 235.
217.
17. CHILTON. J . P . and WINEGARD■ W . C . , J.Xnst.Met.,
89. (1960-1961), 16 2.
18. CHADWICK. G.A. , Ibid., 91, (1962-1963) , 169.
19. WEART. H.W. and MACK. D.J., Trans.A.I .M.E., 212,
(1958), 664.
20. CHADWICK. G.A., J.Inst.Met., £2, (1963-1964), 18.
21. PORTEVIN. A.M., Ibid., 2£, (1923), 239­
22. YUE. A.S.. Trans.A.I.M.E., 224, (1962), 1010.
23. YUE. A.S., J.Inst.Met., £2, (1963-I96U), 248.
rr24. SCHEIL, E ., Zeitschrift fur Metallkunde, 37?
(1946), l.
25. SCHEIL. E . , Ibid., 4j5, (1954) , 298.
26. HUNT. J.D., J.Inst.Met., £4, (l966), 125.
27. LEMKEY. F.D., HERTZBERG. R.W. and FORD. J.A., Trans.
A.I.M.E., 233, (1965), 334.
28. JACKSON. K.A. and HUNT. J.D., Ibid., 236, (l966),
1129.
29. CHADWICK. G.A., Proc.Conf. "The Solidification of
Metals", I.S.I.Pub.No. 110, 1967, 138.
30. MOORE. A. and ELLIOTT. R ., Ibid., 167.
31. WILKINSON. M.P. and HELLAWELL. A .. J.B.C.I.R.A.,
11, (1963), 439.
32. COOKSEY. D.J.S., MUNSON. D.. WILKINSON. M.P. and
HELLAWELL. A ., Phil. Mag., 10, (1964), 745.
33. DAY. M.G. and HELLAWELL. A .. J.Aust.Inst.Met., 9 ,
(1964), 213.
218.
3b. MUNSON, D. and HELLAWELL. A ., J.Inst.Met., £2, 
(1963-196U), 27.
35. THALL. B .M . and CHALMERS♦ B ., Ibld., ££, (l950),
79.
36. ALBRIGHT. D.L. and KRAFT. R.W. , Trans.A .I .M.E.,
236. (1966), 998.
37. MARICH. S. and BRINSON. S .. J.Aust.Inst.Met., 1£,
(1968), 195­
38. KRAFT. R.W. and ALBRIGHT. D.L., Trans.A.I.M.E., 
221, (1961), 95.
39. KERR. H.W., BELL. J.A. and WINBGARD. W.C., J .Aust.
Inst.Met., 10, (1965), 64.
40. BELL. J.A. and ¥INEGARD. W.C., J.Inst.Met., £2,
(1965), 457.
41. KOHDIC. V. and RUMBALL. W.M., Ibld., £4, (1966),
232.
42. GALASSO. F.S., J.Met., 1£, (1967), 17.
43. MÜLLER. A. and ¥1LHELM, M ., J.Phys.Chem.Sol., 26,
(1965), 2021, 2029.
44. LIEBMANN, tf.K. and MILLER. E.A., J.App.Pbys., 34,
(1963), 2653.
45. LOXHAM. J.G. and HELLAWELL. A ., J.Am.Cer.Soc.,
47, (1964), 184.
46. LEMKEY. F.D. and SALKIND. M .J., Proc.Inter.Conf.
Crystal Growth, Boston, 1966, 171.
219.
47. COOKSEY. D.J.S.. DAY. M.G. and HELLAWELL. A .,
Xbid., 151.
48. HELLAWELL. A ., Private Communication.
49. MOLLARD. F.R.  and FLEMINGS. M.C.. Trans.A .I .M.E.,
239. (1967), 1534.
50. CLIJJE. H.E., Ibid., Ibid., 239, (1967) , 1489.
51. STREET. K . N . , ST.JOHN. C.F. and PIATTI. G . , J.Inst.
Met., 21, (1967), 326.
52. KERR. H .V . and WIMBGARD. ¥.C .. Proc.Inter.Conf.
Crystal Growth, Boston, 1966, 179•
53* KERR. H .¥. and WIJJEGARD. ¥. C . , Can. Met. Quart. ,
6, (1967), 6 7.
54. MOORE. A. and ELLIOTT. R .. J.Inst.Met., £6,
(1968), 62.
55- FIDLER. R.S.. SPITTLE. J.A., . TAYLOR. M.R. and
SMITH. R .¥., Proc.Conf. "The Solidification 
of Metals”, I.S.I.Pub.No.110, 1967, 173.
56. WHELAN.  E.P. and HAWORTH. C . W. .  J.A u st . I n s t . Met . ,
12, (1967), 77.
57. SOUTHIN. R.T. and JONES. B.L., I bid., 2/3, (l 968)
203.
55. JONES♦ R,R. and KRAFT, R .N . . Trans.A .I .M.E., 242,
(1968), 1891.
59. H U N T . J.D. and JACKSON. K.A.. Ibid., 236. (l966),
843.
220.
60. COOKSEY. D.J.S. and HELLAWELL.  A ., J.Inst.Met.,
£5., (1967) , 326.
61. ZENER. C ., Trans.A .I .M .E . , 1.67, (1946), 550.
62. HILLERT. M .. Jernkontorets Ann., l4l, (1957), 773­
63. HUNT. J.D. and CHILTON. J.P., J.Inst.Met., £2,
(1962-1963), 21.
C  . 4/
64. WHELAN. E.P. and HAWORTH. -4&r6r, Ibid. , £3, (1964­
1965), 402.
65. JACKSON. K.A. and CHALMERS. B .. Reported by
G.A. Chadwick, Ref. (8).
66. MOORE. A. and ELLIOTT. R ., J.Inst.Met., £jj, (1967),
369.
67. TILLER. W.A.. J.App.Phys., ¿4, (1963) , 3615.
68. KIRKALDY. J.S.. Gan.J.Phys., 42, (1964), 1447.
69. KIRKALDY. J.S.. Scripta Met., 2, (1968), 565.
70. CHALMERS. B . , "Principles of Solidification",
J. Wiley & Sons Inc., New York:, 1964, Ch.6.
71. KRAFT. R.W. and ALBRIGHT. D.L., Trans.A .I .M.E .,
224, (1962), 1176.
72. KRAFT■ R.W., LEMKEY. F .D . and GEORGE. F.D.. Ibid.,
1037.
73. KRAFT. R.W., ALBRIGHT. D.L. and FORD. J.A.. Ibid.,
227, (1963), 540.

















HOPKINS. R.H. and KRAFT. R.W. , Trans.A.I.M.E.,
233. (1965), 1526.
GRAHAM. L.D. and KRAFT. R . W . ,•Ibid., 236, (1966),
94.
O ’HARA. S. and HELLAWELL. A ., Scripta Met., 2, 
(1968), 107.
GRUZLESKI. J.E. and WINEGARD. W.C., J.Inst.Met.,
£6 , (1968),  301.
LAKELAND. K.D.. J.B.C .I.R.A ., 12, (1964), 634.
JONES. B.L., J .Aust.Inst.Met., 14, (1969), 111.
DAY■ M .G . and HELLAWELL. A., Proc. Roy.Soc.(London), 
305, (1968), k73.
JACKSON. K.A. , "Growth and Perfection of Crystals",
ed. Doremus, Roberts and Turnbull, J.Wiley and 
Sons, New York, 1958. 319.
JACKSON. K.A,, "Liquid Metals and Solidification", 
A.S.M., Cleveland, Ohio, 1958, 174.
JACKSON. K.A., Acta Met., 7, (l959), 148.
JACKSON. K.A, and HUNT. J.D. , Ibid. , 1J3, (1965) ,
1212 .
JACKSON. K.A., UHLMANN. D.R. and HUNT. J.D.,
J .Crys.Growth, 1 , (1967), 1 .
TAYLOR. M.R., FIDLER. R.S. and SMITH. R.W., Ibid.,
3 ,4 , (1968), 666.
HUNT. J.D. and HURLE. D.T.J., Trans.A .I .M.E., 242, 
(1968), 10U3.
222.
89. HULME. K.F. and MULLIN. J.B.. J.Phys.Chem.Sol.,
1Z, (I960), 1.
90. STRAUMANIS ■ ¥■ and BRAKS 5. JJ. , Z. Phys. Chem. , 38,
(1937), l40.
91. ELW00D. E.C. and BAGLEY. K.Q.. J.Inst.Met., 26»
(1949-1950), 631.
92. KRAFT. R.W. . Trans. A.J.M.E., 224, (1962), 65.
93. SUNDQUIST. B.E. and MONDOLFO ■ L.F. , Ibid., 221,
(1961), 157.
94. SUMDQUIST. B.E. and MONDOLFO. L.F. , Xbld. , 607.
95. SUNDQUIST. B.E., BRUSCATO. R. and MONDOLFO. L.F.,
J.Inst.Met., 21. (1962-1963), 204.
96. KDVES. G. and MONDOLFO. L.F.. J.X.S.I., 202,
(196b), 424.
97* MONDOLFO■ L ■F ., J.Aust.Inst.Met., 12, (l9£>5) > 169.
98. CHADWICK. G.A., Ibid., 178.
99. HILLERT. M. and STEINHÄUSER. H .. Jernkonterets Ann.,
144, (i960), 520.
100. VADILO, P .5., "Growth of Crystals", Vol. 1, Ed.
Shubnikov and Sheftal, Consultants Bureau,
New York, 1958, 109.
101. HOGAN. L.M. , J. Aus.t. Inst. Met. , 10, (1965) , 78.
102. HOPKINS. R.H. and KRAFT. R.W.. Trans. A.I.M.E.,
242, (1968), 1627.
223.
103. MARTJUS. U.M., Prog.Met.Phys. , 5, (l95b), 279•
10b. RUTTER. J,W., "Liquid Metals and Solidification",
A.S.M., Cleveland, Ohio, 1957- 2^3.
105. HURLE. D.T.J., Prog.Mat.Sci., 10, (l96l) , 81.
106. WINEGARD. W.C. , Met.Reviews, 6 , (1 9 6 1 ), 57«
107. CHALMERS. B., "Principles of Solidification",
J.Filey and Sons Inc., New York, 19 6 b, Ch.b. 
2.08. TILLER. ¥.A. . J. Met., 9, (l 957), 8b7.
1°9. CHALMERS. B ., Trans.A.I.M.E., 200, (1 9 3 b), 519.
HO. WALTON. D. and CHALMERS. B. . Ibid., 215, (l959), 
bb7 .
111. CHADWICK. G.A., Met.Sci.J., 1 , (1 9 6 7 ), 132.
112. GOSS. A.J. and WEINTROUB. S., Proc.Phys.Soc., 6 5 B,
(1952), 561.
113. GOSS. A.J., Ibid., 6 6 B , (1953), 525.
Hb. HELLAWELL. A. and HERBERT. P.M. . Proc. Roy. Soc.
(London), 2 6 9 , (1 9 6 2 ), 5 6 0 .
115- CHALMERS. B ., Ibid., 196, (1949), 64.116. CHALMERS■ B .. Can.J.Phys., ¿ 1 , (1953) , 1 3 2 .
117- MARINELLI. S . and BLAHA. F . . Acta Met., 4, (1956),443.
118. MICHAELS. A.S. and COLVILLE. A.R.. J.Phys.Chem.,
64, (i9 6 0 ), 13.
119. MICHAELS. A.S. and TAUSCH. F.W.. Ibid., 65, (1 9 6 1 )
1730.
120. TROOST. S., J.Crys.Growth, 3 ,4 . (1968), 340.
224.
121. FAUST. J.W. and JOHN. H.F. , J. Phys. Chem. Sol. , 2J3,
(1962), 1119.
122. FAUST. J.¥., JOHN. H.F. and PRITCHARD. C ., J.Crys.
Growth, 3.4, (1968), 321.
123. VERMA. A.R. and PENEVA. S.K., Tbld., 700.
124. COLEMAN. R.V. and CAMBRERA. N .. J.App.Phys., 28,
( 1 9 5 7 ) ,  1 3 6 0 .
125. YAMAMOTO. M., GOTOH. Y. and YOSHJDA. K ., J.Crys.
Growth, 3,4, (1968), 705.
126. KRAFT. R ■W .. Trans.A.I.M.E., 221, (1961), 704.
127. BAYLES. B.J., FORD. J.A. and SALKXND. M.J., Ibid.,
2 3 8 , (1967), 844.
128. SALKXND. M.J., LEVERANT. G. and GEORGE. F .. J.Inst.
Met., 91,  ( 1 9 6 7 ) ,  349 .
129. LEMKEY. F .D ., Reported by Chadwick, Ref. (29).
130. HELLAWELL. A ., Discussion, Session B, Proc.Conf.
”The Solidification of Metals", I .S.I .Pub.No.110,
1967, 264.
131. DE SILVA. A .R .T ., Reported by Chadwick, Ref. (29).
132. STRAUMAN1S. ¥. and BRAKSS. N .. Z.Phys.Chem., ¿OB,
(1935), 117.
133« NAKAMURA. S . and OMORX. S ., Himeji Kogyo Daigaku 
Kenkyu Hokoku, IgA, (l9 6 6 ) ,  1 3 3 .
134. TAKAHASHI. N . , J.App.Phys., 3_1, (i960) , 1287.
















1 3 6 . SHAPIRO. S■ and FORD. J ■A ., Trans.A.I.M.E., 236, 
(1966), 536.
DOUBLE, D.D., TRUELOVE. P. and HELLAWELL. A .,
J. Crys . Growth, ¿2, (lp68) , 191.
TRUELOVE. P. and HELLAWELL. A ., Phil.Mag., 11, 
(1965), 114.
WEATHERLY. G.C., Met.Sci.J., 2, (1968), 25.
TILLER. W.A., JACKSON. K.A., RUTTER. J.W. and 
CHALMERS. B .. Acta Met., 1, (1953), 428.
RUTTER. J.W. and CHALMERS. B ., Can.J.Phys., ¿1,
(1953), 15. ■
WALTON. D., TILLER. W.A., RUTTER. J.W.,and WINEGARD.
W.C., Trans. A.I.M.E., 203, (1955), 1023.
TILLER. ¥.A. and RUTTER. J . W ., Can.J.Phys., ¿4,
(1956), 96.
PLASKETT. T.S. and WINEGARD. W.C., Ibid., 32,
(1959) , 1555.
PLASKETT. T.S. and WINEGARD. W.C.. Ibid., ¿8,
(1960) , 1077.
CHILTON. J.P. and WINEGARD. W.C., J.Inst.Met.,
89, (1960-1961), 162.
YUE. A .S., Trans.A.I.M.E., 227, (l963), 64.
LAKELAND. K.D. , J. Aus t. Ins t. Met. , 1_0 , (1965) , 55.
KRAMER. J.J., BOLLING. G.F, and TILLER. W.A.,
Trans.A.I.M.E • j 221, (1963) ,  31b
226.
150. BOLLING. G.F. and TILLER. U.A. , J.App.Phys., ¿1,
(i960), 2040.
151. BOCEK,. M. , KRATOCHVIL. P. and VALOUCH. M . ,
Czech.J.Phys. , 8_, (1958), 557­
152. COULTHARD. J.O., Ph.D. Thesis, University of 
Manchester, 1964.
153. MILO SA VLJEVTC . D,i. M.Sc. Thesis, University of
Birmingham, 1966.
154. RUMBALL. ¥.M., Metallurgia, 78, (1968), l4l.
155. GRUZLESKI, J.E. and WINEGARD■ W.C., J.Inst.Met.,
£6, (1968), 304.
156. GRUZLESKI. J.E. and WTJJEGARD. V.C.. Trans.A.I.M.E.,
242, (1968), 1785.
157. CAHN. R.¥., Adv.Phys., 3-4, (195^-1955), 363.
158. ELLIS. U.C., J.Met., 2, (1950), 886.
159. ELLIS. ff.C. and EAGEANT. J ., Ibid., 6, (1954), 291.
160. SAKOLVITZ. E ■I. and BATCHELDER, F.V.. Trans.A.I.M.E.,
194, (1952), 165.
161. AUST. K.T., KRILL. F.M, and MORRAL. F.R.. Ibid.,865.
162. MORRIS. L.R., CARRUTHERS. J.R., PLUMTREE. A. and
WINEGARD. ¥.C .. Ibid., 236, (1966), 1286.
163. OLIVER. D .S., Research (London), ¿, (1952), 45.

















DUNN. C.G., DANIELS. F.W. and BOLTON. M.J.,
J.Met., 2, (1950), 368.
PULLMAN. R.L.. J.App.Phys., 22, (l95l), ^56.
GIBBS. J .W ., "Scientific Papers", Longmans, Green 
and Co., London, 1906, Vol.l, 219*
MEHL. R.F., Am.Soc.Met., 2£, (19^1), 752.
McLEAN. D ., "Grain Boundaries in Metals", Clarendon 
Press, Oxford, 1957> 116.
CHALMERS. B ., "Imperfections in Nearly Perfect
Crystals", J.Wiley and Sons Inc., New York,
1952, 373.
AUST. K.T., Can.J.Phys., 38, (i960), 5U7 .
INMAN. M,C, and TIPLER. H.R .. Met.Reviews, 8,
(1963), 105.
KOHN. A .. Ibid., ¿, (l958), 143.
INMAN. M.C. and TIPLER. H.R. . Acta Met. 6,
(1958), 73.
COULOMB. P. , LEYMONIE. C . and LACOMBE. P ., Ibid. ,
1, (1959), 691.
AINSLIE, N.G., HOFFMAN. R.E. and SEYBOLT. A.U.,
Ibid., 8, (i960), 523.
INMAN. M.C. and QUIGLEY. D ., J .Inst.Met., 90, 
(1961-1962), 5 1.


















HONDROS. E.D.. Met. Sei. J. , 1, (1967), 36.
MEYRICK. G .. Acta Met., 1^, (1965), 691.
HONDROS. E.D., Proc.Roy.Soc. (London), 286k,
(1965), 479.
INMAN. M.C., MeLEAN D. and TXPLER. H.R., Ibid.,
273k, (1963), 538.
HILLIARD. J.E., COHEN. M, and AVERBACH. B.L. ,
Acta Met., 8_, (i960), 26.
HONDROS. E.D. and MeLEAN. D ., S .C .I .Monograph No. 28, 
(1968).
HONDROS. E.D., Acta Met., 16, (1968), 1377.
VAN VLACK. L.H., J.Met., (l95l), 251.
VAN VLACK. L.H., RIEGGER. O.K., WARRICK. R.J. and 
DAHL. J.M.. Trans.A.I.M.E., 221, (1961), 220.
KUROCHKIN. K.T,, BAUM. B.A. and BORODULIN. YE.K., 
Fizlka Metall., (1963), 46l.
WALTER. J . L . and DUNN. C . G . . Acta Met., 8̂, (i960),
^97.
WALTER. J.L. and DUNN. C.G.. Trans.A .I.M.E., 218,
(I960), 1033.
DUNN. C.G. and WALTER. J.L.. Ibid., 224, (1962),
518.
SIMS. C ■E ■ and DAHLE. F .B .. Trans.A.F.A., 46,
(1938), 65.
SIMS. C .E ., Trans.A.I.M.E., 215, (1959), 367.
229.
194. SALMON' COX. P.H. and CHARLES. J.A.. J.I.S.X.,
203, (1965), U93. ■
195. KIRKALDY. J.S., BRIGHAM. R.J., DPMIAN. H.A. and
¥ARD. R.G., Can.Met.Quart., 2, (1963), 233­
196. SIMS. C.E., SALLER. H.A. and BOULGER. F.¥., Trans. 
A.P.S., ¿7, (19^9), 233.
197. KIESSLING. R., BERGH. S. and LANGE. N ., J.I.S.I.,
201, (1963), 965.
198. PARLEB. ¥.A.D., SHA¥. I.D. and PHELPS. ¥.C.,
Trans.A .I .M .E ., 233, (1965), 1428.
199. SMITH. C.S., Trans.A .S.M ., 4j5, (1953), 533.
200. SHERMAN. C.¥. and CHIPMAN. J ., Trans.A .I.M.E., 194,
(1952), 597.
201. KEH. A.S, and VAN VLACK. H ., Ibid., 206, (1956),
950.
202. KOVALENKO. V.S., Stal in English, 2, (l964), 136.
203. KARMAZIN. V ., Stal, 5,6, (19U0), 24.
204. MATSUBARA. K ., Trans.I.S.I. Japan, 6, (l966), 139.
205. KO. T. and HANSON. D ., J.I.S.I., 164, (l950), 51.
206. ¥HEELER. J.A., KONDIC. V. and KO. T .■ Ibid., 167,
(1951) , 301.
207. BRAMMER. I .S., Ibid., 201, (1963), 752.
208. CRAFTS. ¥. and HILTY■ D ■C .. Elec.Furn.Steel Proc.,
11, (1953), 121.
209. H ILTY . D.C. and CRAFTS. ¥ .. T r a n s.A .I .M .E ., 194,
(1952) , 1307. '
230.
210. TURKDOGAJJ. E.T. , IGNATOWICZ. S. and PEARSON. J . ,
J.X.S.X., 180, (l955), 3^9-
211. SXMS. C.E. and FORGENG. W.D., Elec.Furn.Steelmaking,
2, (1963), 369.
212. FAST. J .D ., Metalen, Congresboek, (l949), 171*
213. HOPKXNS. B.E., JENKINS. G.C.H. and STONE. H.E.N.,
J.I.S.I., 168, (1951), 377­
214. RENGSTORFF. G.W.P. and GOODWIN. H.B.. Trans.A.I.M.E., 
203. (1955), 467.
215. HAN SEN. M . , "Constitution of Binary Alloys",
McGraw-Hill Book Co. Inc., London, 1958, 70b.
216. ELLIOTT. R.P.t Ibid., 1965,
217. TOULMIN III. P . and BARTON JR « P .B ., Geochiraica el
Cosmochimica Acta., ¿8, (196b), 6bl.
218. TURILLON. P.P. and MACHLJN. E. S . , "Trans . Vac . Met.
Coni'. ", ed. B.E. Bunshah, (A.V.S.), Massachusetts, 
1959, 81.
219. MACHLIN. E .S ., Trans.A.I.M.E., 218, (i960), Jib.
220. URBAN. S.F. and CHXPMAN. J ., Trans. A.S.M., 23,
(1935), 645.
221. BARRETT. C.S., "Structure of Metals", McGraw-Hill
Book Co. Inc., 2nd Ed., 1952.
222. PEARSON. W.B., "A Handbook of Lattice Spacings and
Structures of Metals and Alloys", Pergamon 
Press, Oxford, Vol. 1, 1958 and Vol. 2, 1967.
231.
223. JAFFREY. D. and CHADWICK. G.A., J.Inst.Met., ££,
(1969), 118.
224. SHAW. B.J., Acta Met., Ij5, (1967) , 1169.
225. JONES. B ., Private Communication.
226. KIESSLING. R, and LANGE. N ., "Non-metallic Inclusions
in Steel", I.S.I. Pub. No. 90, 1964.
227. ARNOLD. R .G ., Carnegie Inst.Wash.Year Book, 55*
(1956), 177.
228. ARNOLD. R.G. and REICHEN. L.E., Am.Miner., 47,
(1962), 105.
229. TOULMIN. P . and BARTON. P .B ., Geochim. Cosmochim.
Acta., _28, (1964) , 64l.
230. WARD. J ., To be published.
231• GR0NVOLD. E. and HARALSDEN. H ., Acta.Chem.Scand.,
6, (1952), 1452. '
232. DESBOROUGH. G.A. and CARPEWTER. R.H.. Econ.Geol.,
60, (1965), 1431.
233* HANSEN. M . , "Constitution of Binary Alloys,f, 2nd
ed., McGraw-Hill Book Co., Hew York, (1958),
pp. 692-695.
234. COLE. G.S, and WINEGARD. W.C. , J".Inst.Met. , 93,
(1964-1965), 153.
235. CARRUTHERS. J .R . and WINEGARD. W .C .. Proc.Inter.
Conf.Crystal Growth, Boston, 1966, 645.
236. COLE. G.S., Trans.A.I.M.E., 239, (1967), 1287.
2 3 2.
237. JAFFREY. D ., Private Communication. .
238. DANA. E .S ., "A Textbook of Mineralogy”, John Wiley
& Sons, New York, 4th Ed., (1958), ll4 and 428. 
239* A.S.T.M. Powder  Diffraction File.
240. HURLE. D.T.J., Phil.Mag. , 0/3, (1966), 305­
241. HURLE. D.T.J. and HUNT. J.D., Proc.Conf., "The
Solidification of Metals", X.S.I. Pub. No.110,
19 6 7, 16 2.
242. JESSE. R.E.. J.Crys.Growth, 3,4, (1968), 679.
24.3. MOLLARD. F.R. and FLEMINGS . M.C., Trans. A . X . M.E. ,
239, (1967), 1526.
244. HUNT. J.D. and JACKSON. K.A., Ibid., 864.
245. JACKSON. K . A ., Ibid., 242, (1968) , 1275­
246. .COUGHLIN. J.P., J.Am.Chem.Soc., (l95l), 5314.
247. KAY. D.H., "Techniques for Electron Microscopy",
2nd Ed., Blackwell Scientific Publications, 
Oxford, 1965? 478.
